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Abstract

:

Generally, soils of arid and semi-arid regions have low water retention properties due to high sand and low organic carbon contents. This study aimed at quantifying the effect of date palm-based organic amendments (OAs) on the water retention properties of two soils (sandy loam and silty loam), as well as the influence of sand supplementation (0.5–2 mm) on the magnitude of the effect of OAs. Different grain size distributions were obtained by adding sand to natural soils. For this purpose, sand was added to the two soils (1/3 and 2/3) and different soil-OA combinations were tested at a dose of 3% by mass: compost alone, biochar alone and a mixture of biochar and compost (50:50 in mass), in addition to unamended control soils. Soil water contents were measured at nine matric potentials ranging from the saturation to the permanent wilting point. Biochar was more efficient than compost at improving soil water retention. The effect of organic amendments on water retention increased with sand content. In most cases, soil water content values were significantly higher for biochar-amended soils than for unamended or compost-amended soils. The weakness of the effect of compost addition (if alone) was probably due to its properties and notably its high mineral content and electrical conductivity. Soil sand supplementation led to higher differences between the OA-amended soils and unamended soils. Changes in available water capacity reached +26% and +80% in a sandy loamy soil enriched with 2/3 sand and amended with compost and with biochar, respectively, compared to the unamended soil. These results show that sand content (and more generally, soil texture) influences the effect of OA application. Thus, the application of biochar from date palm residues in soil seems to be an effective solution to improve the water retention properties of coarse textured soils and contribute to optimizing the use of water resources in irrigated areas.
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1. Introduction


In arid and semi-arid areas of North Africa, access to water is often a major challenge due to a lack of rainfall and limited surface water resources. It can be achieved by tapping into underground aquifers of varying depths. To obtain water of satisfactory quality, notably with low salt content, and in sufficient quantity, it is necessary to pump water from deep underground aquifers, such as the North-Western Sahara Aquifer System that spreads below Algeria, Tunisia and Libya [1]. Although the volumes of water in these deep aquifers are significant, they are little renewed [2]. Water from these aquifers must therefore be used efficiently to preserve this scarce resource.



Water is used in particular to irrigate agricultural crops in oases. The main irrigation technique employed is basin irrigation, which involves flooding cultivated plots with water. However, as most soils are sandy, low in organic matter and therefore have low soil water retention (SWR) properties, much of the irrigation water rapidly infiltrates below the soil surface. This induces a risk of contamination of shallow groundwater resources by nutrients, salts or organic or inorganic pesticides, which adds to the risk of soil surface salinization with excessive use of poor-quality irrigation water under a high evaporation climate [3].



One way of improving irrigation efficiency is to enhance the SWR. For that, various studies have shown the influence of organic matter content on increasing this property [4,5]. Panagea et al. [6] studied the impact of soil organic carbon (SOC) changes due to different management strategies on the SWR of loamy soils in long-term experiments in Europe. They did not observe statistically significant differences in the SWR after an increase of 10 g(C).kg−1 (soil). A review by Minasny and McBratney [7], based on 60 published studies and more than 50,000 measurements globally, also estimated the effect of an increase of 10 g(C).kg−1 (soil) from practices favoring the sequestration of SOC (e.g., the application of organic amendments including compost, but not biochar) on soil water retention. They also showed that increasing the SOC has a small effect on soil water content. However, they showed that the increase in water content is more significant for sandy soils. They quantified the increase in field capacity, wilting point and available water capacity (AWC) at 2.33, 0.96 and 1.9 mm (H2O).100 mm−1 (soil), respectively, on average in coarse textured soils. Other innovative organic materials such as biochar have shown promising effects on the physical properties of soils and notably on SWR, with an enhancement of water retention [8,9,10,11]. In a pot experiment, the addition of 2% corn residue biochar improved the soil physical properties of a sandy loam soil from an arid region, and more particularly increased water-stable aggregates and decreased water dispersible clay [12]. However, in the same study, biochar from poultry manure increased the soil sodium adsorption ratio. The literature associates this effect with physico-chemical dispersion and a reduction in soil structural stability [13]. The effects of biochar are highly heterogeneous since its properties depend on both the feedstock and the production conditions, especially the pyrolysis temperature [14,15].



In arid regions of North Africa, oases are the main drivers of the economy. They provide income for the Saharan population, and they are a source of livestock production [16]. Date palm is the main crop in the oases, providing, for instance, between 20% and 60% of the agricultural income of over 1.4 million people in Morocco [17]. El Janati et al. [18] reported that 1 ha of palm grove produces around 2.4 t of dried date palm residues per year. This renewable resource is poorly recovered and mostly abandoned in fields, which can cause insect and disease infestation, or other environmental issues like accidental fires [19]. In recent studies, date palm residues co-composted with sheep manure showed promise for increasing the soil fertility and corn yields in an arid agroecosystem [20]. Nitrogen and phosphorus uptake by silage corn was also enhanced over two growing seasons following a single application, suggesting a long-lasting effect of this compost. The authors also suggested that compost may have positive effects on the plant’s water supply, but this has not been measured.



The influence of the addition of sand on the magnitude of the effect of OAs on soil water retention for a given soil has, however, never been investigated to our knowledge. The objective of the present study was to fill this knowledge gap. For this purpose, semi-arid silt-rich soils from Spain were artificially enriched with coarse sand in different proportions and supplemented with organic amendments (OAs): compost and biochar from date palm residues. Then, to quantify the influence of sand content and OA application, soil water retention measurements were performed at nine matric potential values.




2. Materials and Methods


2.1. Studied Soils


In March 2022, the top 20 cm of two soils were sampled in the semi-arid region of Murcia (eastern Spain) where the average annual precipitation rate is only 256 mm year−1. The first was a cultivated sandy loam from Cañada de Gallego (GPS coordinates 37°31′30″ N, 1°24′47″ W; Soil A) and the second was a non-cultivated silty loam from Saladares del Guadalentín (37°50′23″ N, 1°21′39″ W; Soil B). Soil samples were air-dried, sieved through a 2 mm sieve, packaged in plastic boxes and stored at room temperature until use. Soil water retention measurements were then measured with disturbed soils in the laboratory.




2.2. Organic Amendments


The compost was produced in Gabès (Tunisia) by the “Association pour la sauvegarde de l’oasis de Chenini” (ASOC) from a mixture of about two-thirds, by volume, date palm residues (Phoenix dactylifera L.) and one-third sheep manure. The product obtained after 5 months of composting was air-dried and stored at room temperature until the experiments.



Biochar from date palm residues (rachis) collected in the Murcia region was obtained via slow pyrolysis under a constant nitrogen flow at a temperature of 450 °C ± 5 °C at LERMAB (Laboratory for Studies and Research on Wood Materials) in Épinal (Northeast France). The pyrolysis duration was two hours with a temperature rise of 4.9 °C min−1. The biochar was ground in an automatic mortar and then sieved at 1 mm.




2.3. Studied Mixtures


Sand content was artificially increased by supplementing the natural soils with washed quartz sand (grain size distribution in mass: 0.5–1.0 mm: 56%; 1.0–2.0 mm: 44%). Soils A1 and B1 were obtained by adding sand to a final proportion of 2/3 original soil A or B and 1/3 sand (in mass). Soils A2 and B2 were obtained by adding sand to a final proportion of 1/3 original soil A or B and 2/3 sand.



For each soil, three different combinations of OAs were tested at a dose of 3% on a mass basis (equivalent to 72 t ha−1 at a bulk density of 1.2 and 0.2 m soil depth): compost alone (thereafter referred to as X + C), biochar alone (X + BC) and a mixture of compost and biochar (50:50, X + BC + C). Unamended soils were used as controls. In total, 24 conditions were studied (6 soils × 4 treatments).




2.4. Physico-Chemical Analyses


Soil granulometry was determined using Robinson’s pipette method. The organic carbon content of the two original soils and the compost were measured via sulfochromic oxidation [21]. The carbonate content was measured in soils [22]. The cation exchange capacity (CEC) of the soils was measured using the Metson method [23]. Soil and compost pH and electrical conductivity (EC) were measured at a ratio of 10 g of soil to 50 mL of deionized water [24].



The total carbon content of the biochar was measured in the SOCOR company (Dechy, France) via combustion using an elemental analyzer [25]. The mineral content of the OAs was determined after 6 h of heating at 550 °C in a muffle furnace. The potential CEC of biochar was measured after pH adjustment to 7 and washing of samples until EC < 0.2 mS.cm−1 [26]. Biochar pH and EC were determined at a ratio of 5 g of soil to 50 mL of deionized water [27]. The particle size distribution of the compost was determined by sieving with mesh sizes of 4 mm, 2 mm, 1 mm, 0.5 mm and 0.2 mm.



The physisorption of dinitrogen at 77 K was performed on the biochar using Micromeritics ASAP2020 adsorption apparatus. The samples were outgassed for 12 h at 350 °C before analysis. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method (completed with the Rouquerol correction).



The preliminary assessment of biochar hydrophobicity was undertaken using the Water Droplet Penetration Time (WDPT) test and a 50 μL pipette. Three drops of water were placed randomly onto a bed of biochar, and the penetration time was recorded. The shortest measurable penetration time was considered to be 1 s [28].




2.5. Water Retention Measurements


The water content was measured using pressure membrane apparatus at nine different matric potentials, ranging from the saturation to the permanent wilting point (pF = 0, 1, 1.5, 2, 2.5, 3, 3.5, 4 and 4.2). A ceramic tension plate was used for all matric potentials. Matric potentials are expressed as pF. The minimum number of SWR measurements was 5 per treatment and for each matric potential.



The mixtures were placed in rubber cylinders of around 21 cm3 (2.6 cm radius and 1 cm height) at the same bulk density as the respective original soils A and B, i.e., 1.26 ± 0.02 g.cm3 and 1.01 ±0.04 g.cm3 respectively. Cylinders containing the samples were saturated on the ceramic tension plate via capillarity using distilled water at atmospheric pressure for approximately 1 h before hermetically sealing the apparatus, applying the pressure corresponding to the matric potential and waiting for 7 days for equilibration. The soils were then weighed using a precision balance and dried at 105 °C for 48 h. For soil saturation measurements (pF = 0), after complete saturation, the soils were directly weighed. The soil water content was calculated by subtracting the soil mass before and after drying.



The available water capacity (AWC) was calculated using the following equation:


AWC = (WFC − WPWP) × Bulk density × h



(1)




where:




	
WFC is the mass water content at field capacity (pF = 2.0),



	
WPWP is the mass water content at the permanent wilting point (pF = 4.2),



	
h is the depth of the soil horizon considered (0–20 cm).









2.6. Statistical Analyses


Water contents were expressed as the mean value ± SD (standard deviation) of 5 replicate samples at each matric potential. Three-way analysis of variance (ANOVA) tests were carried out using R 4.3.0 statistical software [29] to test for interactive effects of soil type, sand addition and organic amendments on AWC.



The different mixtures were compared to their respective control (unamended) soil. One-way ANOVA was performed to assess the response of the SWR to the addition of organic amendments. Tukey’s HSD test (α = 5%) was applied to separate the means.





3. Results and Discussion


3.1. Physico-Chemical Properties of the Soils and Organic Amendments


The natural soils studied differed notably by their textures, soil A having a higher sand content than soil B (Table 1). Soils A and B were both alkaline and relatively poor in organic carbon. EC was 4.0 mS.cm−1 in soil A, implying that this soil contained a relatively high soluble salt content. Soil B was moderately saline with an EC value of 2.5 mS.cm−1. The CEC of soil B was low but slightly higher than that of soil A, likely due to its higher clay content. After sand supplementation, soil sand contents ranged from 18.4% (silty loam, soil B) to 84.5% (loamy sand, soil A2). The soils classified from the finest to the coarsest texture were B, B1, A, A1, B2 and A2.



The compost had a neutral pH while the biochar had a very alkaline pH (Table 1). The compost’s mineral content was high considering this type of product. The biochar’s potential CEC was high but its surface area was quite low. Indeed, the biochar’s CEC was not positively correlated with surface area, as was shown in the studies of Budai et al. [30] and Kloss et al. [14].




3.2. Influence of Sand Content and Organic Amendments on Soil Water Retention Properties


The water contents for the nine matric potentials are presented in Table 2 for soils A, A1 and A2 and Table 3 for soils B, B1 and B2. Water contents decreased with an increase in sand content for all the pFs and treatments, as expected. Water contents at field capacity were 0.338, 0.200 and 0.107 g.g−1 for unamended soils A, A1 and A2, respectively (Table 2), and 0.494, 0.344 and 0.192 g.g−1 for unamended soils B, B1 and B2 (Table 3).



The biochar-amended soils A1-BC and A2-BC had a significantly higher water content than unamended soils A1 and A2 for all pFs, except A1-BC at pFs ≥ 3.5. In the same soils, the water content also increased with biochar + compost addition. For the original soil A, an increase in SWR was measured with biochar alone (A-BC), while there was no significant increase at pF = 1 and pF = 2.5 with biochar + compost (A-BC-C). The improvement in water retention properties with biochar was more pronounced for sand-enriched soils (Table 2 and Figure 1).



For soils B, B1 and B2, the SWR was significantly higher with biochar addition than for unamended soils at most pFs, even if none of the treatments had any influence at soil saturation (Table 3 and Figure 2). Opposite to C and BC-C treatments, at pF = 1, this effect was only observed with biochar treatment. Furthermore, there was a consistent and significant increase in SWR between pFs ≥ 1.5 and ≤3.5 with biochar alone in soils B, B1 and B2. This means that date palm biochar acts as a water-retention agent in medium and coarse textured soils in a range of potentials that enable plants to be supplied with water. This apparently contradicts the results of Jeffery et al. [31], who showed that biochar did not enhance the SWR in sandy soils, but the soils selected for that study were already rich in SOC, and the biochar used was highly hydrophobic. In our case, no hydrophobic property of the surface of the biochar used was observed using the WDPT test, since the penetration time of the water drops was lower than 1 s with pure biochar.



Treatment with date palm compost led to intermediate soil water content values between the unamended soils and biochar treatments. For example, at pF = 3, A1-C soil water content amounted to 0.093 g.g−1, which was significantly different from the control soil A1 (0.091 g.g−1) and A1-BC-C and A1-BC treatments (0.103 g.g−1 and 104 g.g−1, respectively). Moreover, in the loamy sand A2, the improvement in SWR was not significant. SWR values with the compost were significantly lower than with the biochar treatments at pFs < 3.5, except at pF = 1.5.



Our findings are in agreement with the review conducted by Blanco-Canqui [9] which showed that biochar application enhances soil’s water retention in sandy soils, but neutral to moderate responses were observed in medium or clay textured soils. Garg et al. [32] determined a clay content threshold (6–8%) beyond which the effects of biochar are considerably reduced. They suggested that pore-filling using clay reduces the porosity of biochar and its water retention capacity. In the present study, we observed limited effects of date palm biochar on soils with a clay fraction ≥12%, corresponding to the clay content of the soils A, B and B1.



The contribution of calcium carbonate to the SWR properties was considered negligible since natural soils A and B contained similar and relatively low CaCO3 content. Several studies have indicated a relatively weak relation between this mineral fraction and SWR characteristics [33,34].




3.3. Available Water Capacity


ANOVA tests performed on the AWC results showed that significant effects of sand, soil and between both factors were observed (Table 4).



Amendment with biochar led to a significant increase in AWC for A1 and A2 soils but not for the original soil A (Figure 3). With sand supplementation, the difference in AWC between amended and unamended soils increased. The enhancement of AWC was significant for all OA (compost, biochar and a mixture of both). Compared to the value of the respective unamended soils, the AWC was increased by 26%, 39% and 80% in A2 + BC + C, A1 + BC and A2 + BC, respectively (Figure 3). This clearly indicated the combined effect of the dose of added biochar as well as the influence of sand.



Similar results were observed for B1 and B2 soils with an increase in AWC after the addition of biochar (+12 and 22%, respectively). Comparing all soils, the improvement in AWC with biochar ranged between 4% in the silt loam (B) and 80% in the loamy sand (A2). Thus, for the studied mixtures, the higher the sand content, the greater the effect of the OA on the AWC. Therefore, the effects of biochar are more pronounced on soils containing less than 12% clay and more than 45% sand (soils A1, B2 and A2).



The differences in AWC are primarily due to the effects of OAs on water content at field capacity. The porosity of the amended soils may be affected through changing the pore space between particles (interpores) and by adding pores already present in the OAs (intrapores). In the case of biochar, Kameyama et al. [35] measured the pore sizes and pore distribution of various biochars using the mercury intrusion porosimetry method. The authors used a capillary rise equation and were able to calculate the diameter size of capillary pores corresponding to the available water capacity (AWC) of biochars. They found a good correlation between the volume of pores with a diameter in the range of 0.2 μm to 9 μm and the AWC of a selection of biochars. These results illustrate the compatibility between the pore size of certain biochars and the range of pores associated with AWC in soil. The increase in water content at the permanent wilting point was only slightly significant. In the case of biochar, this can be explained by the small surface area measured on the biochar (Table 1), since the permanent wilting point is closely related to the specific surface area of soil [36,37]. This is in agreement with Chen et al. [38], which showed that the addition of biochar had little effect on soil water contents at a matric potential of higher than 10,000 hPa (pF > 4).



The effects of date palm biochar on soil properties observed in the present study are consistent compared with earlier studies. We observed more significant effects with biochar treatment applied at 3% by mass compared with the mixture of compost (1.5% by mass) and biochar (1.5% by mass) treatment. These doses of biochar are equivalent to 72 and 36 t.ha−1, respectively, and the increases in AWC of the coarse textured soils were more significant with a high dose of biochar. Some authors mentioned that biochar addition at 10 t.ha−1 does not affect the soil water content at field capacity (and consequently AWC), but higher rates (i.e., ≥30 t.ha−1) significantly increased AWC [39,40]. Khalifa and Yousef [41] applied date palm biochar in a sandy soil at doses of 1, 5 and 10% by mass. They noticed an improvement in AWC of 32, 72 and 109%, respectively. Basso et al. [42] measured a 44% increase in AWC in a sandy loam amended with 3% hardwood fast pyrolyzed at 500 °C. In the present study, the same dose led to +39% AWC in the soil with the texture most similar to the one studied by Basso et al. [42]. However, the increase recorded is much lower than the +130% AWC reported by Esmaeelnejad et al. (2016) [43] with an input of 2% (by mass) apple wood biochar in soils with a texture similar to that in the present study. Indeed, our results showed no significant effect of biochar on soil A.



Date palm compost alone showed weak effects on soil water retention whatever the soil texture. Our results were not consistent with those of Ibrahim and Horton [44] who measured a +27% increase in AWC in a loamy sand soil with the same compost rate. Moreover, the authors found that the biochar-compost mixture (50:50 in mass) had the most significant effect on improving soil water retention and AWC compared with the same OA applied individually. The slight differences observed in the present study could be linked to the nature of the compost. The compost used contained a high mineral content, and the presence of fine sand was observed after the determination of the mineral content. It was probably due to the artisanal nature of compost production, with no suitable infrastructure, and the use of poor water quality, leading to the accumulation of soluble salts and high EC level in the final product (Table 1). The effects of added organic matter may therefore have been less important. Biochar organic carbon content was much higher than that of the compost used (Table 1). Therefore, based on the same amount of organic carbon applied, our results could have been different from those mentioned above.



The experiments were conducted in a laboratory without plants, so that the effects of the soluble salt content of the soils were not assessed. Electrical conductivity in soil A was equivalent to the level of the threshold value set by Allison et al. [45], the salinity threshold above which most cultivated plants’ productivity is significantly reduced. In field experiments, this parameter would influence negatively the rate of water uptake and plant growth due to the increase in osmotic pressure in soil solution.



The present study did not reveal any additive effect with a compost and biochar mixture, regarding SWR properties. However, some recent studies have shown that there is an abiotic interaction between these products (e.g., which may involve the clogging of biochar’s porous structure by fine compost particles), and it cannot be ruled out that this could have an impact on the hydrological properties of the biochar and compost mixture [46].



The expected greater resistance of biochar to biodegradation compared to compost would imply that its effects on water retention would be more durable. However, particular care should be taken when applying biochars to soil, especially in arid areas. There is a lack of knowledge concerning biochar transport from the soil, through runoff or wind erosion. Some studies have already measured significant losses of biochar particles during and after spreading to soil caused by wind erosion, and water preferential erosion of black carbon in various contexts [47,48]. To minimize the release of black carbon dust into the atmosphere, studies have recommended incorporating biochar into pellets or mixing it with manure or compost, preferably with a moisture content higher than 15% [49,50], even if the production of pellets leads to a high reduction in the biochar porosity [51].



Other potential modifications of soil properties after biochar and compost addition need to be further investigated, as well as a cost-benefit analysis of these organic amendments. Indeed, previous studies have shown the potential negative effect of increasing soil salinity with OA, depending on the organic materials’ properties, such as their content in soluble salts and their applied rate [52,53].





4. Conclusions


The aim of this study was to quantify the influence of organic amendment application and sand supplementation on the water retention properties of two coarse textured soils.



The results showed an overall increase in the soil water retention properties with the addition of OAs derived from date palm residues in the tested soils. The addition of compost and/or biochar increased soil water retention, but the effect was more pronounced for biochar. For most pFs, with the addition of biochar, soil water content (SWR) values were significantly higher than in the control soil. This enhancement was higher for sand-enriched soils, showing the influence of sand content, and more generally of soil texture, on the magnitude of the effect of OA application. Limited effects of date palm biochar were observed in soil with low sand content and clay content higher than 12%.



Compost showed little effect on available water capacity (AWC) values whatever the soil texture. This is not consistent with many studies in the literature, but this may be due to the nature of the compost. It contains a high mineral content (73.7%), reducing the influence of organic matter which is in a low proportion. Compared to the respective unamended soils, the values of AWC increased by 26, 39 and 80% for A2 + BC + C, A1 + BC and A2 + BC, respectively. In addition to the influence of sand, these values also showed the influence of the application rate of biochar on the soil. An addition of 3% biochar led to significant differences and higher values of AWC than an addition of 1.5% biochar.



In general, these results show that organic amendment like biochar addition to sandy soils, such as those in Saharan desert regions, could contribute to optimizing the use of water resources. Future directions should include the evaluation of plant growth and long-term in situ experiments.
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Figure 1. Water retention curves of the soils A, A1 and A2. 
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Figure 2. Water retention curves of the soils B, B1 and B2. 
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Figure 3. Available water capacities of the soils with and without organic amendments. C = compost, BC = biochar. The letters indicate whether the differences between the four treatments for each soil were significant at the 5% level. 
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Table 1. Physico-chemical properties of the soils and organic amendments.
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Parameters

	
Unit

	
Soil A

	
Soil A1

	
Soil A2

	
Soil B

	
Soil B1

	
Soil B2

	
Compost

	
Biochar






	
Particle size distribution

	
% Clay

	
11.6

	
7.7

	
3.9

	
18.5

	
12.3

	
6.2

	

	




	
% Silt

	
34.9

	
23.3

	
11.6

	
63.1

	
42.1

	
21.0

	

	




	
% Sand

	
53.5

	
69.0

	
84.5

	
18.4

	
45.6

	
72.8

	

	




	
% 2–4 mm

	

	

	

	

	

	

	
3.2

	




	
% 1–2 mm

	

	

	

	

	

	

	
12.5

	




	
% 0.5–1 mm

	

	

	

	

	

	

	
12.6

	




	
% 0.2–0.5 mm

	

	

	

	

	

	

	
18.4

	




	
% <0.2 mm

	

	

	

	

	

	

	
53.3

	




	
Bulk density

	
-

	
1.26 ± 0.04

	

	

	
1.01 ± 0.02

	

	

	

	




	
pH (water)

	
-

	
7.9 ± 0.04

	

	

	
8.1 ± 0.02

	

	

	
7.0 ± 0.1

	
9.7 ± 0.1




	
EC

	
mS.cm−1

	
4.0 ± 0.1

	
2.7 ± 0.1

	
1.7 ± 0.1

	
2.5 ± 0.1

	
2.4 ± 0.1

	
2.1 ± 0.1

	
9.2 ± 0.3

	
7.6 ± 0.3




	
Corg

	
%

	
1.26

	

	

	
1.33

	

	

	
13.7 ± 0.1

	




	
Ctotal

	
%

	

	

	

	

	

	

	

	
62.5




	
CEC

	
cmol.kg−1

	
6.1

	

	

	
8.7

	

	

	

	
126 ± 5




	
Total CaCO3

	
%

	
11.6

	

	

	
8.4

	

	

	

	




	
Surface area

	
m2.g−1

	

	

	

	

	

	

	

	
13.5




	
Mineral content

	
%

	

	

	

	

	

	

	
73.7 ± 0.2

	
15.2 ± 0.6











 





Table 2. Water contents (g(water).g−1(soil)) measured in the natural soil A, soil A1 and soil A2 at different matric potentials.






Table 2. Water contents (g(water).g−1(soil)) measured in the natural soil A, soil A1 and soil A2 at different matric potentials.





	pF
	0
	1
	1.5
	2
	2.5
	3
	3.5
	4
	4.2





	A
	0.452 b
	0.428 c
	0.401 c
	0.338 b
	0.186 b
	0.123 c
	0.092 b
	0.070 c
	0.070 d



	A + C
	0.453 b
	0.446 b
	0.418 ab
	0.352 a
	0.203 a
	0.132 c
	0.094 b
	0.075 b
	0.074 c



	A + BC + C
	0.481 a
	0.426 c
	0.414 b
	0.363 a
	0.192 ab
	0.145 b
	0.103 a
	0.078 b
	0.078 b



	A + BC
	0.496 a
	0.467 a
	0.431 a
	0.361 a
	0.228 a
	0.159 a
	0.101 a
	0.083 a
	0.085 a



	A1
	0.327 c
	0.294 b
	0.290 c
	0.200 d
	0.115 b
	0.091 c
	0.061 c
	0.047 a
	0.048 b



	A1 + C
	0.356 a
	0.317 a
	0.309 b
	0.225 c
	0.133 a
	0.093 b
	0.067 b
	0.049 a
	0.049 b



	A1 + BC + C
	0.355 a
	0.321 a
	0.331 a
	0.246 b
	0.144 a
	0.103 a
	0.072 a
	0.049 a
	0.057 a



	A1 + BC
	0.337 b
	0.325 a
	0.303 b
	0.263 a
	0.140 a
	0.104 a
	0.065 bc
	0.050 a
	0.049 b



	A2
	0.246 b
	0.198 b
	0.175 b
	0.107 d
	0.079 b
	0.050 c
	0.033 c
	0.024 c
	0.025 c



	A2 + C
	0.260 b
	0.205 b
	0.201 a
	0.120 c
	0.079 b
	0.049 c
	0.036 b
	0.028 b
	0.029 b



	A2 + BC + C
	0.290 a
	0.234 a
	0.200 a
	0.136 b
	0.117 a
	0.064 b
	0.040 a
	0.031 a
	0.033 a



	A2 + BC
	0.290 a
	0.243 a
	0.203 a
	0.175 a
	0.116 a
	0.077 a
	0.037 b
	0.028 b
	0.028 b







C = compost, BC = biochar. The letters indicate whether the differences in water content between the four treatments for each soil and each matric potential were significant at the 5% level.













 





Table 3. Water contents (g(water).g−1(soil)) measured in the natural soil B, soil B1 and soil B2 at different matric potentials.
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	pF
	0
	1
	1.5
	2
	2.5
	3
	3.5
	4
	4.2





	B
	0.661 a
	0.619 b
	0.565 c
	0.494 c
	0.390 b
	0.240 b
	0.166 c
	0.117 b
	0.122 bc



	B + C
	0.666 a
	0.640 a
	0.609 a
	0.514 b
	0.400 b
	0.231 c
	0.166 c
	0.115 b
	0.123 b



	B + BC + C
	0.660 a
	0.633 ab
	0.603 a
	0.539 a
	0.423 a
	0.245 b
	0.169 b
	0.116 b
	0.121 c



	B + BC
	0.674 a
	0.648 a
	0.583 b
	0.516 b
	0.434 a
	0.252 a
	0.179 a
	0.131 a
	0.128 a



	B1
	0.494 ab
	0.430 a
	0.374 c
	0.344 b
	0.267 b
	0.206 b
	0.113 b
	0.084 b
	0.085 b



	B1 + C
	0.524 a
	0.431 a
	0.408 b
	0.350 b
	0.316 a
	0.195 b
	0.106 c
	0.079 b
	0.087 b



	B1 + BC + C
	0.468 b
	0.454 a
	0.409 b
	0.355 b
	0.298 a
	0.257 a
	0.114 b
	0.092 a
	0.094 a



	B1 + BC
	0.490 ab
	0.448 a
	0.431 a
	0.384 a
	0.317 a
	0.258 a
	0.122 a
	0.085 ab
	0.094 a



	B2
	0.311 a
	0.262 bc
	0.209 b
	0.192 c
	0.133 c
	0.088 b
	0.056 b
	0.043 b
	0.049 a



	B2 + C
	0.308 a
	0.259 c
	0.221 b
	0.198 bc
	0.156 b
	0.091 b
	0.062 a
	0.047 a
	0.053 a



	B2 + BC + C
	0.309 a
	0.280 b
	0.250 a
	0.209 b
	0.176 a
	0.099 a
	0.060 ab
	0.045 ab
	0.050 a



	B2 + BC
	0.311 a
	0.303 a
	0.259 a
	0.225 a
	0.169 a
	0.098 a
	0.063 a
	0.047 a
	0.052 a







C = compost, BC = biochar. The letters indicate whether the differences in water content between the four treatments for each soil and each matric potential were significant at the 5% level.













 





Table 4. Results of three-way ANOVA analyses performed on the AWC values.
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F Values—Three-Way ANOVA




	

	
Soil

	
Sand

	
Treatment

	
Soil × Sand

	
Soil × Treatment

	
Sand × Treatment

	
Soil × Sand × Treatment






	
SWR

	
60.27 ***

	
340.6 ***

	
0.5699

	
858.4 ***

	
9.289 ***

	
72.97 ***

	
686.4 ***








SWR = soil water retention. *** p-value < 0.001.
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