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Soil acidification and low nutrient availability are two major challenges facing agriculture in most regions of East Africa, resulting in aluminum toxicity and poor crop yields. The amendment of local sediments to cropland can potentially alleviate these challenges, but responses are variable. In this study, we investigated the potential of two different local sediments influenced by volcanic deposits to increase soil pH, Si and P availability and reduce Al toxicity, thereby improve barley yield. Hence, a field experiment was established in Eldoret, Western Kenya, using 1% and 3% addition by weight of two sediments in barley cultivated plots. The Baringo 3% amendment significantly increased soil pH (from 4.7 to 7.0), the available P content (from 0.01 mg g−1 to 0.02 mg g−1) and decreased the Al availability (from 3.03 mg g−1–2.17 mg g−1). This resulted in a barley yield of 4.7 t/ha (+1061%). The Nakuru 3% and Baringo 1% amendments increased yield to 2–3 t/ha, while the Nakuru 1% did not significantly increase yield. These results highlight that, from a biophysical perspective, there are natural and local opportunities to reduce soil acidification and to partly replace mineral fertilizer, but its magnitude depends on the sediment and the amendment rate.
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1 INTRODUCTION
Food security is a big challenge in many areas of tropical Africa. Soils in these regions are characterized by a low pH and nutrient availability, resulting in low crop yields (Du et al., 2020). About 29% of the tropical land area in tropical Africa is defined as acidic. In Kenya, acidic soils account for 13% of the total agricultural land, especially in the western part of the country (Pandey et al., 1994; Kanyanjua et al., 2002). This is due to the humid to sub-humid tropical climate with moderate to heavy rainfall and high temperatures, which promotes intense weathering and forms soils such as Ferralsols and Acrisols (Soil Survey Staff, 1999). As soils acidify, cations such as potassium (K+), calcium (Ca2+), magnesium (Mg2+), and sodium (Na+) are leached and replaced by hydrogen (H+) and aluminum (Al3+) ions (von Uexküll and Mutert, 1995; Agegnehu et al., 2021). In addition to the loss of nutrients through leaching, the increase in mobile and available Al3+ ions is a major problem of increasing soil acidification (von Uexküll and Mutert, 1995). Especially at pH < 5.5, Al toxicity increases because solubilized Al as Al3+ is plant available and phytotoxic (Sade et al., 2016; Vega et al., 2019). The main toxic effect of Al on higher plants is inhibition of root elongation and alteration of root system structure and functions, resulting in inadequate water and nutrient supply to affected plants (Foy et al., 2003; Kochian et al., 2004). In addition, high Al availability increases direct uptake and accumulation of Al in the plant, resulting in strongly decreasing crop yields (Cocker et al., 1998; Lal and Singh, 1998). Besides the very low pH value (pH 4–5), Ferralsols and Acrisols are also characterized by high contents of iron (Fe) and Al (Balland-Bolou-Bi et al., 2018). Minerals of these elements have a very high phosphorous (P)-sorption capacity, resulting in a P deficiency (Russel et al., 1974; Sanchez and Uehara, 1980; Beauchemin et al., 2003). The issue of P fixation in tropical soils has been under discussion for many decades and many studies on this topic have already been published (Kellogg, 1956; Russel et al., 1974; Sanchez and Uehara, 1980; Ayodele and Agboola, 1981). Due to the strong binding of P to Fe- and Al-oxides and hydroxides, relatively high total P contents are found, but very little of this total P is available to plants (Russel et al., 1974; Hengl et al., 2017; Du et al., 2020). Soil acidity, which occurs in large parts of tropical Africa, can additionally promote the P fixation in the soil (Agegnehu et al., 2021). A very low pH (<5) can result in precipitation of Al- and Fe-phosphates, but already at pH < 5.5, phosphate can easily become unavailable to plants (Russel et al., 1974; Sanchez and Logan, 1992; Agegnehu and Sommer, 2000). As a consequence, farmers in tropical Africa need to apply large quantities of P fertilizer (up to 150 kg ha−1) to obtain high enough yields because the P deficiency caused by P fixation needs to be compensated for (Russel et al., 1974; Nziguheba et al., 2002). However, most smallholders do not have access, due to poor availability and high prices, to these amounts of P fertilizer, resulting in a lack of P for crop production and low plus further declining yields (Sanchez et al., 1997; Nziguheba et al., 2002).
One option, to reduce the dependency on P fertilizer and to reduce Al toxicity might be the amendment of local sediments influenced by volcanic deposits. Kenya experienced high volcanic activities in the past, due to the East African Rift System (EARS) (Blegen et al., 2016). Large volcanoes, such as Menengai in the Pleistocene, have released large amounts of alkaline volcanic tephra during their eruptions, which have been deposited in large parts of the EARS (Tryon and McBrearty, 2006; Blegen et al., 2016). Volcanic tephra is characterized by a high content of silicon (Si), which can be released in large quantities by weathering (Dahlgren et al., 1999). The deposition of alkaline tephra over large areas of the EARS may have affected many sediments in the region, enriching the initial sediments in Si and increasing their pH (Blegen et al., 2016).
Silicon is the second most abundant element in earth’s crust and is a component of many minerals (Wedepohl, 1995). It occurs in the soil in solid phases (primary, secondary minerals, and amorphous phases) and liquid phases (monomeric silicic acid, polymeric silicic acid) (Schaller et al., 2021a). The weathering of the solid Si phases releases silicic acid in solution, which is an important nutrient for many growth-promoting processes in plants (Schaller et al., 2021a). Depending on, e.g., Si concentration in soil solution and solution pH, the forms of silicic acid can convert from monomeric to polymeric silicic acid or the other way around (Schaller et al., 2021a). Both forms may adsorb to mineral surfaces and compete with nutrients like P for binding sites, with a higher affinity of polymeric silicic acid than monomeric silicic acid (Dietzel, 2000; 2002; Reithmaier et al., 2017). Taylor (2004) even found that silicic acid can exchange phosphate from iron oxides, although having a slightly lower binding energy. Schaller et al. (2019; 2022) revealed that amorphous Si (ASi) fertilization increases soil P mobility and plant availability. They suggest that the addition of ASi to soil may have promoted reductive dissolution of the Fe phases/minerals releasing P initially bound to or occluded in these minerals into solution. Additionally, the weathering of the added ASi releases silicic acid (mono- and polymeric) into solution which may exchange P adsorbed to Fe mineral surfaces. Thus, higher soil Si concentration may lead to higher P mobilization in soil, which in turn may result in better plant nutrition, biomass production and crop yields (Neu et al., 2017). Additionally, it was shown that Si fertilization may reduce the bioavailability of Al due to the precipitation of Al and Si as aluminosilicates (Pačes, 1978; Exley et al., 2019). Next to this, numerous studies have shown that Si mediates various physiological processes in plants to mitigate metal toxicity of Al, As, Cd, Mn and Pb (Horiguchi, 1988; Li et al., 2009; Singh et al., 2011; Li et al., 2012; Emamverdian et al., 2018). Silicon modifies cell walls by depositing hydrous SiO2, which provides physical and mechanical protection against biotic stresses. It has also been suggested that Si causes changes in plant cell metabolism, reducing root uptake of potentially toxic elements and inducing the excretion of certain compounds such as organic acids (OAs) and phenolics (Cocker et al., 1998; Gu et al., 2011; Luyckx et al., 2017; Wang et al., 2017). In numerous crops like barley, maize and wheat, the amelioration of Al toxicity by Si has been shown to result from a competition for Si versus Al uptake by roots (Cocker et al., 1998; Pontigo et al., 2015; Vega et al., 2019). Therefore, a Si fertilization effect by addition of local sediments with volcanic deposits could increase the P availability as well as decrease the aluminum toxicity in plants. However, it is important to note that, in addition to Si, other essential nutrients may also be enriched in sediment materials. As the sediments weather over time after incorporation into the soil, nutrients such as P, Na, Ca and K may be released into the soil solution and become available to plants (Manning, 2022).
While volcanic ash is known to improve soil fertility (Fiantis et al., 2019), much less is known about the effects of Si derived from local sediments of areas influenced by volcanic deposits on P availability and Al toxicity in acidic soils. Therefore, we investigated the effects on Si and P availability and Al toxicity of adding local sediments influenced by volcanic deposition to Kenyan arable soils where barley was grown and whether barley yields may be improved by the addition of sediments. We hypothesized that 1) the addition of Si rich sediments will increase P availability and decrease availability of potential toxic Al and 2) the increase in soil pH by the addition of local sediments will also lead to an increased P availability and decreased availability of potential toxic Al. We further hypothesized that 3) the increase in P availability and decrease in Al availability will strongly improve the plant growth and yield of barley.
2 MATERIALS AND METHODS
2.1 Chemical characterization of the sediments
To examine the effects of local sediment amendments to soil properties and plant growth in Kenya, two potentially suitable materials from different locations in the EARS were identified. One of the sediments was from a site in the Nakuru district, south of Lake Nakuru (0.49726S, 36.091794E), which is defined as tuffs, diatomaceous silts and superficial deposits (McCall, 1966). The other sediment was taken from an area west of Lake Baringo (0.574643N, 35.984597E) and is defined as a Ca-rich lacustrine sediment (Hackman, 1987). Both sediments are alkaline, with a pH of 8.6 for the Baringo sediment and 9.4 for the Nakuru sediment. Because of their location inside the rift valley of the EARS, they might be influenced by volcanic tephra deposition (Tryon and McBrearty, 2006; Blegen et al., 2016).
To characterize the sediments, X-Ray fluorescence analysis (XRF), Energy dispersive X-ray analyses at a scanning electron microscope (SEM-EDX), calcium chloride extraction (CaCl2) and sodium carbonate extraction (Na2CO3) were performed. The elemental composition of the sediments was determined by XRF analysis (SPECTRO XEPOS HE, SPECTRO Analytical Instruments GmbH, Kleve, Germany). Pellets for analysis were prepared from 4 g ground sample material and 0.9 g Licowax (Cereox, Fluxana GmbH, Bedburg-Hau, Germany) using a hand-operated hydraulic press (Specac Atlas 15t, Portman Instruments AG, Biel-Benken, Switzerland). The SEM-EDX analysis was examined using a SEM (EVO MA10, ZEISS, Jena, Germany) equipped with an element detector (QUANTAX EDS, Bruker, Billerica, Massachusetts, United States). The plant-available Si was extracted by CaCl2 according to Haysom and Chapman (1975). Briefly, 1 g of sample material was weighed into 50 mL centrifuge tubes and added with 10 mL of a 0.01 M CaCl2 solution, followed by shaking on a roller shaker for 16 h. Subsequently, the tubes were centrifuged (12,800 g for 5 min) and filtered with 0.2 µm membrane filters. The ASi was determined by Na2CO3 extraction (DeMaster, 1981). For this, 0.03 g of sample material was weighed into 50 mL centrifuge tubes and added with 40 mL of 0.1 M Na2CO3 solution. After shaking, the samples were placed in a heating block for 5 h at 85°C. Subsamples were taken after 1 h, 3 h and 5 h by taking 10–15 mL of the supernatant and filtered through 0.2 µm membrane filters. For both CaCl2 and Na2CO3 extracts, Si was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES; iCAP 6300 DUO, ThermoFisher Scientific Inc., Walham, Massachusetts, United States). The cation exchange capacity (CEC) was determined with 0.1 M BaCl2 solution and measured by ICP-OES. Total organic carbon (TOC) was measured by dry combustion using a multiphase detector (RC612, LECO Corporation, St. Joseph, Michigan, United States).
2.2 Study site and experimental design
The study site is located near Eldoret in the Uasin Gishu County in western Kenya (0.4448° N, 35.4685° E) on the cropland of a local farmer, and at an elevation of 2410 m. The climate in Eldoret is cool and temperate with diurnal mean temperature range from 8.4°C to 27°C. It has two rainy seasons with an annual mean of 900–1200 mm (Tsuma et al., 2015). The soils around Eldoret are predominantly characterized as Plinthic Ferralsols with a low pH and high Fe content (Nyachiro and Briggs, 1987). The soil of this study has a pH of 4.7, the cation exchange capacity (CEC) is 9.7 cmol+/kg and the total organic carbon (TOC) is 2.6%. The total Al content is 104 g kg−1, the plant-available Al content (CaCl2) is 0.04 mg g−1. An oxalate/dithionite Fe (Feo/Fed) ratio of 0.04 indicates that it is a strongly weathered soil (Moody and Graham, 1995).
The area of our experimental site was 24 × 19 m with single plot size of 3 × 4 m and was located within a farmland of a local farmer. The experimental design included for an addition of 1% and 3% by weight of each sediment to a depth of 20 cm. For Baringo, this resulted in 24 t ha−1 (1%) and 72 t ha−1 (3%) and for Nakuru, it was in 18 t ha−1 (1%) and 54 t ha−1 (3%). Additionally, control plots without any amendments were established and each treatment was replicated four times. We used a non-randomised block design (stripe design) for practical reason and set up buffering zones of 1 m between each treatment and plot, to avoid interferences between the treatments (Supplementary Figure S1). The sediments were incorporated by hand followed by mixing to a depth of 20 cm. The mixing was performed in the same way for the control plots to ensure the same physical disturbance for all treatments.
Barley (Hordeum vulgare L., ev. Hessekwa) was sown by hand in all plots on 30th of May 2022. Nitrogen (N) fertilizer was applied on every plot after germination (50 kg N ha−1) and at stem extension (90 kg N ha−1). Low P fertilization (2.5 L ha−1, YaraVita Crop Boost, Yara UK Ltd., York, United Kingdom) was performed on all treatments, including the controls, in form of foliar application during the growing season. Harvest was conducted on the 13th of October 2022.
2.3 Sampling and analyses
Plant samples were taken at harvest in form of whole plants. Plants were randomly collected in areas of 40 × 40 cm, weighed, washed, and dried to determine differences in crop yield and biomass. Additionally, soil samples (0–15 cm) of each plot were taken with a small shovel and air dried. The pH of each plot was determined in water at 1:2.5 solid to solution ratio (WTW pH/Cond 3320 with Sentix41 electrode, Xylem Water Solutions, Washington, DC, United States). Soil samples were analyzed for available P, Si and Al using Mehlich III extraction according to the procedure used by Sparks and Bartels (2009). For extraction, 2 g of soil were weighed into 50 mL centrifuge tubes, mixed with 42 mL of Mehlich III extraction solution, and shaken on the overhead shaker for 5 min. The suspension was centrifuged (3,200 g for 5 min), filtered through 0.2 µm filters and analyzed by ICP-OES (iCAP 6300 DUO, ThermoFisher Scientific Inc., Walham, Massachusetts, United States).
To examine the nutrient translocation and accumulation in plant tissues during the growing season, the whole plants were separated into leaves, leaf sheaths, roots and grains and were subsequently analyzed using different extraction methods. Microwave digestion was performed to estimate Fe, Al, and P contents in plant tissues. For this, 0.1 g of plant sample was weighed into closed vessels and mixed with 2 mL of H2O2 and 3 mL of HNO3 and placed in a closed vessel microwave digestion system (CEM-Mars6, CEM Corporation, Matthews, NC, United States). Subsequently, the extracts were made up to 20 mL with deionized water and filtered through 0.2 µm membrane filters. The ASi in plant tissues was determined by a Tiron extraction (Kodama and Ross, 1991). For this extraction, 0.03 g of plant samples were weighed into 50 mL centrifuge tubes, mixed with 30 mL of 0.1 M Tiron solution and heated in a water bath at 85°C for 1 h. Immediately before heating and after 30 min, the samples were gently shaken by hand. Subsequently, the extracted solutions were centrifuged (5,000 g for 5 min) and filtered with 0.2 µm pore size. Both, the microwave and Tiron extracts were analyzed for elemental contents by ICP-OES (iCAP 6300 DUO, ThermoFisher Scientific Inc., Walham, Massachusetts, United States). The C/N ratio of the dried and ground plant material was determined with CNS-Analyzer to provide information about the nitrogen supply of the plants (CNS928-MLC, Leco Instruments Inc., St. Joseph, Michigan, United States).
2.4 Statistics
The data of our study were analyzed using R Studio (R Core Team, 2021). A mixed effect model with subsequent ANOVA and Tukey post hoc test was carried out to determine statistical differences between the treatments. Blocks were treated as a random effect.
3 RESULTS
3.1 Characterization of the sediments
SEM-EDX analyses revealed that the Baringo sediment is characterized by a Ca-rich and aggregated sediment matrix (5–25 µm) with attached particles (<1–5 µm) containing Al and Si (Supplementary Figure S2). The XRF analyses confirmed the high Ca content (10.2%), but showed that Si is the main component of the sediment at 21% by weight (Table 1). In addition, the sediment was enriched in P (0.13%) and Mg (3.24%). The pH value of the Baringo sediment was 8.6 ± 0.1. The Nakuru sediment was characterized with SEM-EDX revealing the presence of a mixture of splinter-like/molten Si-Al-containing particles of varying sizes. The small fraction, measuring between 20 and 50 μm, and the coarse fraction, between 80 and 220 μm, were observed to contain rounded particles (171.4 µm) with soil adhesions in the nanometer range. XRF analyses showed, that Si is the main component (30.2%) followed by Al (8.3%) and showed that it is enriched in Na (4.46%) and K (4.27%). The pH value of the Nakuru sediment was 9.4 ± 0.2. There was no amorphous Si detectable in Nakuru sediment, but the Baringo sediment had an ASi content of 2.62 ± 0.37 mg g−1. Calcium chloride extraction showed that the Baringo sediment had a much higher soluble Si (99.7 ± 1.1 mg kg−1) content than the Nakuru sediment (22.3 ± 0.7 mg kg−1) (Supplementary Figure S3). Both, the Baringo and Nakuru sediment did not show any enrichments and contaminations with potentially toxic elements like As, Cr, Pb or Cd. The Baringo sediment had a high CECeff of 45.49 cmol+ kg−1, with Ca2+ (28.86 cmol+ kg−1), Mg2+ (11.48 cmol+ kg−1) and Na+ (6.78 cmol+ kg−1) being the dominant cations in this sediment (Table 2). The CECeff of the Nakuru sediment was low (4.46 cmol+ kg−1), with Na+ (3.78 cmol+ kg−1) and K+ (1.15 cmol+ kg−1) being the dominant cations in this sediment.
TABLE 1 | Element composition in weight percent or µg/g of the sediment and soil samples measured by XRF analysis. The absolute error of each measurement listed below each measured element. Detection limits are shown in Supplementary Table 1. Voltage=60kV under vacuum.
[image: Table 1]TABLE 2 | CEC data of the sediment materials, the control soil (Eldoret) and the soil after treatment with different sediment amendments in cmol+ kg-1.Standard deviation is given (n=4, sediment referencees were homogenized, thus only one value is shown).
[image: Table 2]3.2 Effect of local sediment amendments on biomass and yield
Amending soils with local sediments significantly increased both the dry yield (p < 0.001, F = 33.83, df = 4, ANOVA) and dry biomass (p < 0.001, F = 38.48, df = 4, ANOVA) of barley (Figure 1). Both 3% Baringo and 1% Baringo treatment had significantly higher dry yield compared with the control, with 3% Baringo having the highest yield of 4.7 ± 0.3 t ha−1 (p < 0.001 for both Baringo, Tukey). For Nakuru, only the 3% addition had a significantly higher dry yield (2.2 ± 0.6 t ha−1) compared with the control (0.41 ± 0.37 t ha−1; p = 0.003, Tukey). The same pattern was observed for dry biomass, with significantly highest biomass for 3% Baringo, and significantly higher biomass for 1% Baringo and 3% Nakuru than the control (p < 0.001 for both Baringo, p = 0.002 for Nakuru 3%, Tukey). For both biomass and yield, 1% Nakuru had higher values than the control, but not significantly.
[image: Figure 1]FIGURE 1 | Increased biomass and yield of barley after amendment of different local sediments with 1% and 3% addition. Error bars indicate standard errors. Significant differences between all treatments are shown as different letters, common letters indicate no significant difference (p < 0.05).
3.3 Plant nutrition and toxicants due to sediment amendments
The P content in grains was significantly higher (3.4 ± 0.1 mg g−1) with the 3% amendment of Baringo sediment, compared with the control (2.3 ± 0.3 mg g−1; p < 0.001 Tukey; Figure 2C). Regarding to Al accumulation in grains, only the 3% Baringo treatment had a lower Al content (0.011 ± 0.002 mg g−1) compared with the control (0.021 ± 0.005 mg g−1; p = 0.017, Tukey), but not significantly (p = 0.307, Tukey). In contrast, the grains of both Nakuru treatments tended to have higher Al content and similar P content compared with the control, with lacking any significant differences. Baringo 3% treatment had significantly higher Si contents in the grains (1.9 ± 0.1 mg g−1) than the control (1.0 ± 0.4 mg g−1; p < 0.001 for 3%, Tukey). However, both Nakuru treatments and the Baringo 1% treatment did not significantly increase the Si content in grains (p = 0.138 for Baringo 1%, p = 1 for Nakuru 1% and p = 0.291 for Nakuru 3%, Tukey).
[image: Figure 2]FIGURE 2 | Element contents and C/N ratio at harvest in (A) leaves (B) leaf sheaths and (C) grains of barley with different sediment amendments. Significant differences between all treatments are shown as different letters, common letters indicate no significant difference (p < 0.05).
Silicon contents showed significant differences between the sediment treatments and the control for both, leaves (p = 0.007, F = 5.581, df = 4, ANOVA) and leaf sheaths (p < 0.001, F = 14.75, df = 4, ANOVA) at the stage of harvest (Figures 2A, B). However, only 3% Baringo treatment (11.73 ± 1.31 mg g−1) significantly increased Si contents in the leaves (7.4 ± 1.7 mg g−1 for control, p = 0.005, Tukey). Regarding the leaf sheaths, both sediments with a 3% amendment significantly increased the Si content (6.3 ± 1.3 mg g−1 for control; 14.0 ± 1.5 mg g−1, p < 0.001 for Baringo 3%; 10.3 ± 1.2 mg g−1, p = 0.014 for Nakuru 3%, Tukey), but not the 1% treatments. There are significant differences in P contents of leaves and leaf sheaths (p < 0.001, F = 11.07, df = 4 for leaves; p < 0.001, F = 5.915, df = 4 for leaf sheath, ANOVA), but again the significant effect was only shown with 3% Baringo treatment (1.0 ± 0.2 mg g−1, p < 0.001 for leaves, 0.7 ± 0.1 mg g−1, p < 0.001 for leaf sheath respectively, Tukey). Adding Nakuru sediment had no significant effect on P contents in leaves and leaf sheaths. The Al contents in leaf sheaths decreased significantly with Baringo 3% compared with all other treatments, except of the control, which had also very low Al contents in leaf sheath tissues (p = 0.032 for Baringo 1%, p = 0.005 for Nakuru 1%, p = 0.018 for Nakuru 3%, p = 0.634 for control, Tukey). In leaf tissue, the Al content of control and Baringo 3% were significantly lower than in the Baringo 1% treatment (p = 0.007 for control, p = 0.009 for Baringo 3%, Tukey), but not than in all other treatments. Regarding the C/N ratio at harvest, there are significant differences in leaves (p = 0.01, F = 5.084, df = 4, ANOVA), but not in leaf sheaths (p = 0.066, F = 2.814, df = 4, ANOVA). However, differences were only significant between the 3% treatments and the control (Leaves: 23.8% ± 2.4%, p = 0.009 for Baringo 3%; 26% ± 2.7%, p = 0.03 for Nakuru 3%; Tukey).
3.4 Soil nutrient availability after local sediment amendment
The Baringo sediment amendment significantly increased the pH in an amount-dependent manner (p < 0.001, F = 38.62, df = 4, ANOVA), with the 1% amendment increasing the pH from 4.7 ± 0.1 to 5.7 ± 0.3 (p = 0.004, Tukey) and the 3% amendment increasing it to 7.0 ± 0.6 (p < 0.001, Tukey; Figure 3). In contrast, the Nakuru sediment amendment caused a slight but not signficant increase in pH, rising to around 5.1 at both the 1% (5.1 ± 0.1, p = 0.673, Tukey) and 3% amendments (5.1 ± 0.2, p = 0.602, Tukey).
[image: Figure 3]FIGURE 3 | Sediment amendment effect on soil pH, available P, available Si and available Al in the soil. The red dotted line shows the pH threshold of 5.5. Error bars indicate standard errors. Significant differences between all treatments are shown as different letters, common letters indicate no significant difference (p < 0.05).
There were significant differences in nutrient availability between the control and the treatments (Figure 3). Only the 3% Baringo treatment, and not the 1%, significantly increased the contents of available P (0.02 ± 0.001 mg g−1) and Si (0.49 ± 0.6 mg g−1; for both p < 0.001, Tukey). Nakuru sediment amendment did not significantly increase the available P content in the soil (p = 0.213, F = 1.845, df = 2, ANOVA) and there is no significant difference for available Si between control and both Nakuru treatments. Only the 3% amendment of the Baringo sediment (2.17 ± 0.35 mg g−1) significantly decreased the available Al in soil (p < 0.001, Tukey). Again, there is no significant change with 1% Baringo treatment (p = 0.29, Tukey) and both Nakuru treatments (p = 0.916 for Nakuru 1%, p = 0.302 for Nakuru 3%, Tukey).
The amendment of sediments significantly increased CECeff (p < 0.001, F = 28.03, df = 4, ANOVA; Table 2), however only for the 3% Baringo treatment (p < 0.001, Tukey). Nevertheless, both Baringo treatments significantly increased exchangeable Ca (p = 0.008 for Baringo 1%, p < 0.001 for Baringo 3%, Tukey) and Mg (p = 0.001 for Baringo 1%, p < 0.001 for Baringo 3%, Tukey). Baringo 3% additionally increased Na significantly (p = 0.003, Tukey). The Nakuru amendment only significantly increased the exchangeable K (p = 0.004 for Nakuru 1%, p < 0.001 for Nakuru 3%, Tukey). Furthermore, the amendment of both sediments resulted in a significant decrease of exchangeable Al (p = 0.019 for Nakuru 1%, p < 0.001 for Nakuru 3% and bot Baringo, Tukey). A stronger increase (or decrease for Al) was observed for all mentioned elements with a higher amendment of sediment.
4 DISCUSSION
4.1 Barley P and Si nutrition and aluminum accumulation after amendment of local sediments with volcanic influence
Our results indicate potential positive effects of amending local sediments including a certain share of volcanic ash on P, C/N and Si nutrition, as well as reduced aluminium availability in the soil using Baringo sediment at 3%. It is already known that volcanic tephra deposition can increase soil fertility in the surrounding areas, leading to better crop performance (Fiantis et al., 2019). However, in our study, sediments with volcanic influence were applied as a soil amendment in a less fertile region at field scale. The chemical composition of the sediments used in this study is comparable to that of several quaternary tephra deposits and bedded tuff members that have been analyzed in previous studies in the same regions (Tryon and McBrearty, 2006; Blegen et al., 2016).
Mineralogical evidence of the sediments using XRD was not carried out in this study. However, the high Ca content in the Baringo sediment fits to the geological map, which defines the materials at this location as lacustrine sediments (Hackman, 1987). The Pleistocene volcanism in the area north of Lake Baringo is characterized by alkali basalt-trachyte lava and may also have increased the Ca content in the sediments of the surrounding areas (Tryon and McBrearty, 2006). Both sediments have a high total Si content, consistent with volcanic materials (Baker et al., 1972; Blegen et al., 2016). Although the total Si content of the Baringo sediment is lower than that of the Nakuru sediment, it in particular showed higher Si mobilization. One possible explanation for this may be the difference in crystallinity of the Si between the two sediments. While the Baringo sediment has a higher ASi content, the Si in the Nakuru sediment is mostly bound in crystalline minerals. Hence, since weatherability increases with lower crystallinity, Baringo has a higher release of Si than Nakuru sediment (Wolff-Boenisch et al., 2006). This is in line with the results of the SEM analyses where the Nakuru sediment was characterized by splintery/molten Si particles. The total Si content is higher, but the release through dissolution is much lower. The weathering of foreign material applied to the soil not only releases Si in solution, it may also provide a new source of other nutrients (Manning, 2022). In this study, the Baringo sediment released essential nutrients like Ca, Mg and Na which became available to plants and promoted plant growth. In addition, it released mentionable amounts of P, which becomes plant available by dissolution. Furthermore, the highly mobilized Si from the Baringo sediment may promote P availability in the soil. Previous studies revealed an increase in P availability after Si addition. A possible mechanism is the exchange of P from mineral surfaces by silicic acid (Schaller et al., 2019; Schaller et al., 2021b). Hence, Si mobilizes P from typically unavailable sources and thus potentially enhancing its uptake by higher plants. Together with the P fertilizing effect from the Baringo sediment, this may explain the higher soil P availability and stronger P accumulation in plant tissues as shown for the grains yielded from the 3% Baringo treatment. However, these results were only significant for the 3% Baringo treatment. Besides the effect of Si on P availability, soil pH also controls P availability. Below a pH of 5.5, as in this study, P can become unavailable to plants due to binding to Fe and Al oxides and hydroxides and possible precipitation (Sanchez and Logan, 1992). Both sediments used in this study are characterized by alkaline pH of 8.6 (Baringo) or 9.4 (Nakuru), which is consistent with their characterization as lacustrine sediments (Baringo) or tuffs (Nakuru), both probably influenced by the alkaline volcanism of the EARS (Hackman, 1987). The increasing pH (>5.5) with Baringo amendment may be explained by dissolution of carbonates buffering the soil solution pH. This is in line with the high Ca contents released by extraction, which can be attributed to the dissolution of carbonates. An increasing pH promotes the availability of P which may also have occurred in our study. The Nakuru sediment had a much lower influence on the soil pH and thus most likely no agronomic benefit despite also having an alkaline pH. This may be due to the much lower Ca content in the Nakuru sediment and the lack of carbonates. In addition to the pH effects on P availability, a pH value of 5.5 is an important threshold for the mobility of Al in soil solution as pH controls Al speciation. At a pH below 5, Al3+ is the dominant species, which is solubilized in soil solution and is phytotoxic (Kochian et al., 2004). With increasing pH, the phytotoxicity and solubility decreases and the dominant species changes from Al(OH)2+ (pH 5.5–6.5) to Al(OH)3 at neutral pH (Bojórquez-Quintal et al., 2017). This change of speciation of Al results in a lower accumulation in plants and thus lower impact on plant growth (Bojórquez-Quintal et al., 2017). However, also the presence of silicic acid in soil solution may reduce the Al availability in soil solution (Exley et al., 2019). Silicic acid released into solution by weathering of the sediments may have interacted with Al forming short-range ordered aluminosilicates (SROAS) (Exley et al., 2019; Lenhardt et al., 2021). In addition, Si mediates physiological processes and induces changes in cellular metabolism that reduce the uptake and toxicity of heavy metals such as Al (Cocker et al., 1998; Gu et al., 2011; De Sousa et al., 2019). This is in line with the results of this study. In particular, Baringo 3% treatment increased pH and Si the most, resulting in a significant decrease of Al availability in soils and accumulation in plant tissues. Although the Nakuru treatments did not increase the pH above 5.5, the 3% amendment reduced Al availability and the proportion of exchangeable Al in the soil. This may indicate, that Si is also a driving factor in decreasing Al availability next to the soil pH. However, due to the experimental setup, we cannot separate the effects of Si versus the change in pH on the increasing P availability upon addition of the sediments. Nevertheless, only Baringo 3% treatment resulted in a lower Al accumulation in plant tissues. Baringo 1% and both Nakuru treatments did not decrease Al contents in plant tissues. In fact, these treatments resulted in an increased Al accumulation compared with the control. Although the soil in the control treatment had a high availability of Al, the plants showed a very low accumulation of Al in the harvested plant tissue, less than in Baringo 1% and in both Nakuru treatments. This can be attributed to the negative impact of Al toxicity on plant growth. Numerous studies have demonstrated that the primary effect of Al toxicity is the inhibition of root elongation, which negatively affects nutrient and water uptake (Foy et al., 2003; Kochian et al., 2004). As a result, the plants do not grow properly. The plants in the control plots probably suffered from Al toxicity because the soil pH was lower than in all sediment treatments resulting in a higher Al availability in the soil. This led to inhibition of root growth and lower biomass production and therefore lower Al uptake by the plants. This is consistent with plant N uptake in this study, which was also lower in the control treatments. Despite the fact that all the treatments were fertilized with the same amount of N, the plants of the control treatment had a lower uptake of N compared to the other treatments.
4.2 Plant performance and yield after soil sediment amendment
In some cases, amending local sediments improved plant performance resulting in higher barley yield and biomass production. While Nakuru 1% did not significantly increase barley yield compared to the control, Nakuru 3% and Baringo 1% resulted in yield increases of about 500% (450% for Nakuru 3% and 569% for Baringo 1%) and Baringo 3% increased yield by as much as 1061%. However, the yield of the control, Nakuru 1%, Nakuru 3% and also Baringo 1% is still below the 5-year average for 2018/19 - 2022/23 (3.4 t ha−1) (USDA, 2023). What stands out is the Baringo 3% treatment (4.72 t ha−1) showing a higher yield than the 5-year average and also higher than the yield average of 2022 (4.0 t ha−1) (USDA, 2023). These improvements of yield may be attributed to the new source of essential nutrients like Ca, Na, Mg and P, which are supplied by amending 3% of the Baringo sediment and the foliar P fertilizer. Another explanation may be the increased pH and Si availability resulting in an increase of P availability and a decrease of Al toxicity. These effects have caused better nutrient availability and growth conditions resulting in higher yields in the 3% Baringo treatment. The low yields of the control, Baringo 1% and the two Nakuru treatments may also be due to irregular rainfall with drought periods at the end of the growing season. Because of the less developed root system due to Al toxicity, plants in these treatments had a lower water uptake than plants in the Baringo 3% treatment. As a result, they senesced earlier and may have produced less grain.
Although the potential benefits of sediment amendments were demonstrated in this study, the underlying mechanisms are not yet fully understood. Further research on the used sediments and their interactions with the used soil is needed to improve knowledge on the underlying mechanisms. To find out whether some of our results can be explained more by the added Si or by the increased pH, another field experiment should be conducted. For this purpose, additional plots would need to be established that are limed only to compare whether it is only a pH effect or whether other mechanisms are also involved.
5 CONCLUSION
This study shows that amendment of volcanically influenced local sediments can improve plant growth and yield, but the improvement is dependent on the sediment source and the amendment rate. Of course, a new source of essential nutrients often has a fertilization effect in a soil. However, a release of Si in the soil and a potential increase of soil pH by the sediment amendment are most likely also important drivers for the improvement of yields in this study. Higher Si availability in soil can improve P availability and, in conjunction with higher pH, also reduce Al mobility and its phytotoxicity. These effects can lead to better nutrient uptake of P and Si and less accumulation of Al in plant tissues resulting in better growth and yield of arable crops. The yields of the 3% Baringo treatment resulted in a higher yield compared with the average barley yield in Kenya. In conclusion, amendments of local sediments with volcanic influence could make agriculture in sub-Saharan Africa more sustainable from a biophysical perspective. Importantly, our study demonstrates that the outcomes are, however, dependent on the individual sediment and its amendment rate. Further studies are now needed to investigate possible long-term effects of the amended sediments and to understand the underlying mechanisms.
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