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Anthropogenic land use alters soil properties and influences biological transformations in the root zone, thereby affecting the distribution and supply of soil nutrients. It is generally acknowledged that human land-use activities such as intensive cattle farming and cultivation of citrus products lead to a homogenization of soil nutrients. This research aims at investigating the heterogeneity in soil nutrient stocks and BSi stocks (a beneficial plant element) within the Savannah biome of South Africa. In this study, C-N-Si stocks and their ratios were quantified in the soil of five different land use types, common in South Africa. The five different land use types are i) bush savannahs, ii) mopane-dominated woodlands, iii) annually burned land, iv) communal grazing land and v) citrus orchards. Empirical research however could not fully validate this hypothesis. In particular fire management and game farming (natural land use type) led to more variability in nutrient pools, with occasional occurrences of C-N-Si hotspots. Our results suggest that when ecosystem analysis of soil nutrient and carbon stocks is handled as a homogeneous unit potentially large mistakes are made, even in anthropogenic landscapes previously hypothesized with uniform nutrient distributions.
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INTRODUCTION
Anthropogenic influences have the potential to alter the spatial distribution of soil nutrients at manifold scales (Fraterrigo et al., 2005). Land use directly alters soil properties and influences biological transformations in the root zone, thereby affecting the distribution and supply of soil nutrients (Fraterrigo et al., 2005). The presence of monocultures and mechanical soil mixing, which is synonymous with cultivated systems, leads to the homogenization of soil resources (Robertson et al., 1993; Fraterrigo et al., 2005). A big setback in understanding the interaction of anthropogenic factors and ecosystem stoichiometry is the lack of knowledge on the variability of soil nutrients at a spatial level. In semi-arid ecosystems, a sudden land use change, such as the conversion of fallow land to arable land, has a large effect on landscape stability, erosion patterns and erosion rates, since these ecosystems are characterized by slow vegetation growth and extreme rainfall events (Govers et al., 2006). In these ecosystems land conversion usually leads to a loss of nutrients as mineral horizons are disrupted and the input of organic material is reduced (Fraterrigo et al., 2005). In general it is hypothesized that soil management by humans leads to a more homogenous nutrient distribution. This is an important topic for researchers interested in comparing nutrient dynamics between different land use types. On the other side livestock has been shown to reduce nutrient contents of savannah pastures up to 10% for P and 6% for N (Edwards et al., 2022). In these grazed systems, nutrient redistribution may cause a shift in soil heterogeneity because animal excretion can increase the nutrient concentration locally (le Roux et al., 2020). In this manner, animal presence and associated excretion behaviour can enhance nutrient heterogeneity of the soil. In cattle pastures, it is shown that excrement patterns are enhanced or attenuated by pasture properties (fences, resting areas, … ) (Auerswald et al., 2010). Similarly in natural systems, animals such as rhinoceros excrete dung at the same location on dung piles, also known as middens (Tatman et al., 2000) potentially creating nutrient hotspots.
Several mechanisms can cause nutrient redistribution in human land use types. A study by Fromm et al. (1993) found that soil microbial biomass and carbon stores present in an agroecosystem show a highly significant correlation. However, the carbon content of the soil as well as the microbial biomass showed no significant relationship with soil type but was significantly related to land use type present in a specific sampling area. The study also suggests that any correlation that would have been present between the microbial biomass and soil type was homogenized by human field management practices: for example, agrarian monocultures, plantations and orchards (Fromm et al., 1993). The spatial variability of the microbial biomass found in managed areas is low (Fromm et al., 1993). Thompson et al. (2001), pointed out the need to assess how our scales of information, such as resolution in space, influence knowledge and understanding of ecological processes. A lack of a spatial context limits researchers’ ability to explain ecological processes and the consequences thereof.
This research aims at investigating the heterogeneity in soil nutrient and Si stocks within the Savannah Biome of South Africa. This biome is the largest in southern Africa and occupies over one-third of the area of South Africa (Low and Rebelo, 1996). The Savannah Biome is characterised by a grass ground layer and a wood plant upper layer. A major factor delimiting this biome is high rainfall or the lack thereof, with the upper wood layer not dominant due to a lack of water. The Savanna Biome in South Africa is located mostly in the northeastern part of the country. The geology is dominated by a stable block of ancient continental crust (Kaapvaal Craton). In South Africa, the iconic Kruger National Park is situated in this biome and as such, this biome is an important economic and ecologic area.
Since sampling effort is strongly dependent on heterogeneity, it is essential to understand whether results sampled at smaller scales can be scaled up to entire bioregions or even biomes. Currently, large-scale land units are often characterised for instance by one nitrogen or carbon stock in the analysis of ecosystem services and thus handled as a homogeneous unit (Batjes, 1996; Driver et al., 2005; Ptacnik et al., 2005; Egoh et al., 2009). In the same way, one land use type or physical characteristic e.g., lithology is often considered uniform regarding the storage and cycling of elements such as C, N and biogenic Si (BSi) (Egoh et al., 2008; Egoh et al., 2009; Melzer et al., 2012). BSi is amorphous Si that rapidly recycles and is therefore ecologically relevant contrary to mineral Si (Struyf and Conley, 2012). The hypothesis was tested that internal variability in C, N and BSi stocks is larger in natural than in anthropogenic land use types. While often studies only target C, N or BSi stocks individually (Ptacnik et al., 2005) we specifically targeted all three together to investigate whether the different elements showed alternate heterogeneity patterns. Therefore, C-N-BSi stocks were quantified in the soil of five different land use types, common in semi-arid South Africa within the savannah biome region. The five different land use types investigated were i) bush savannahs, ii) mopane-dominated woodlands, iii) annually burned land, iv) communal grazing land and v) citrus groves, since these are common land use types in this region.
MATERIALS AND METHODS
The study area is in the Olifants River basin in the Limpopo province of South Africa, near the towns of Hoedspruit, Phalaborwa and Polokwane (Figure 1A). The regional climate condition of the study area is sub-tropical with an average annual rainfall throughout the Olifants catchment area of 500–800 mm (McCartney and Arranz, 2007). The study area has a summer rainfall pattern with the most rain occurring between October and April (McCartney and Arranz, 2007). Due to the temperature and rain climate, a broad variety of agricultural activities take place: there are large fruit plantations, grasslands and croplands. Samples were collected in July and August 2013. At each sampling site, five soil cores to a depth of 10 cm were taken within close vicinity of each other (approximately 10 m) to have a representative subset sample of the area. Each soil core was divided into a sample of 0–5 cm and a sample of 5–10 cm below the surface. This was done to determine if there is a depth-specific pattern. Soil cores were retrieved from the soil by hammering a cylinder (32 mm in diameter) into the soil. The samples were dried at 70°C for 48 h. Samples were stored at room temperature. In total, 220 sliced core samples from all sites were taken (Figure 1B):
i) Bushveld savannah (Polokwane Nature Reserve): This area has high quartz deposits and adjacent to the chosen area is a silicon smelter, mining these deposits. Three different sub-regions were selected. Sub-region 1 (bushveld savannah 1) was chosen to represent a “pristine” natural site. It is characterized by an open Acacia vegetation community with an Enneapogon sp. grass understory. In total 4 plots were selected (40 samples). A second site named bushveld savannah 2 was chosen as a “pristine” natural site; the vegetation community found across this area is Acacia tortilis open woodland. In total 4 plots were selected (40 samples). Bushveld savannah 3 is characterized by a dense mixed Acacia vegetation community. In Figure 1B the region is ascribed a higher disturbance impact because the area is closer at the periphery of the reserve and the presence of heavy land use at the other side of the reserve fence. In total 4 plots were selected (40 samples).
ii) Mopane-dominated woodlands:4 plots (40 samples) (Grietjie Private Nature Reserve). This reserve is 2,800 ha and is included in the Greater Kruger National Park allowing free movement of wildlife.
iii) Annually burned: Soil samples were taken near Hoedspruit (10 samples) and Polokwane Nature Reserve (10 samples), shortly after the areas were burned. Their natural vegetation would be respectively Mopane-dominated woodlands and Bush savannah.
iv) Communal grazing land: Two plots (20 samples) were sampled at communal grazed land near Diphuti. The natural vegetation would be Mopani-dominated woodlands.
v) Citrus groves: Two plots were sampled (20 samples) in a citrus plantation outside the town of Hoedspruit. The original vegetation in this area would be Mopani-dominated woodlands.
[image: Figure 1]FIGURE 1 | (A) Map showing the location of the various sites sampled within the Limpopo province, South Africa where the letters PNR indicate Polokwane Nature Reserve, GPNR indicate Grietjie Private Nature Reserve, AB being annually burned, CG being citrus groves and CGL being communal grazing lands. (B) Sampling setup representing a gradient of land use, ranging from pristine nature areas (dark green) to intensively managed areas (dark red). The blocks with their divisions are indicative of a sampling area with the amount of sampling plots being represented by the amount of divisions in the block and the number in each star indicated how many soil cores where taken within a sampling plot. GPS coordinates are given for the middle of the area where the different plots were sampled.
Specifically, the internal variability (intra-variability) of C, N and BSi percentages within each land use type were examined and then investigated whether differences exist between (inter-variability) different land use types, that are larger than internal variability.
Sample analysis
The extraction of BSi from the samples (dried at 70°C until constant mass, homogenised and sifted over 710 µm) was done based on the sequential alkaline method of De Master (1981). Three subsamples of 25–30 mg sediment were weighed and placed in a polypropylene tube with 25 mL of a 1% Na2CO3 -solution. The samples were incubated in a water bath (85°C) and at time intervals of 3, 4, 5 h an amount of 6 mL was extracted and filtered through a 0.45 μm pore size (Chromafil® A-45/25) filter. This fluid was then fed into a continuous flow analyser (Skalar SAN++) and analysed for Si using the spectrophotometric molybdate–blue method (Grasshoff et al., 1983). To determine the biogenic silica content a dissolution curve is formed, based on the quick dissolution of biogenic silica and the slower release of silica from the soil material. Carbon (organic and inorganic) and nitrogen concentrations were analysed by using the FLASH 2000 Organic Elemental Analyzer, based on Flash Dynamic Combustion (Thermo Fisher Scientific, 2014). An amount of 30 mg of soil from each sample was weighed into a pressed tin cup and placed into the autosampler. All analyses were performed in the laboratory of the ECOSPERE group at the University of Antwerp.
Statistical analysis
The test used for statistical analysis is the Mann-Whitney U test, also known as an unpaired Wilcoxon rank sum test. This is a non-parametric method (assuming no specific distribution) appropriate for examining the differences between two groups (McKnight and Najab, 2010). The statistical analysis was performed in R 3.0.2 (RStudio). All sampled plots were compared to one another to determine if there were significant differences in C, N and BSi stocks between them. The correlations between the different elements were tested and then the most suited trend lines were determined. Only significant correlations between elements, where the regression line had a strong fit (R2 > 0.8) were added to the results section.
RESULTS
Inter-variability between sites
To study which land use had the highest variation in soil carbon (C) content the coefficient of variance (standard deviation divided by the average) was calculated for the entire soil depth (0–10 cm). It was observed that the highest C variation was detected in the annually burned plots (63%) and the lowest C variation in the citrus groves (12%) (Figure 2A). For N, the highest variation in soil content was observed in the bushveld savannah 1 plots (69%) closely followed by the annually burned sites (66%). The lowest variation in N content was seen in the citrus groves (12%). For BSi soil variation, again the citrus groves had the lowest variation with 7% and bushveld savannah 2 had a variation of 85% around the average values.
[image: Figure 2]FIGURE 2 | (A) coefficient of variation of the soil samples (pooled 0–10 cm) for the different land use types and elements analysed. (B) (a) Carbon % (b) Nitrogen % (c) BSi % at the different land use types and depths within the sites (dark grey = 0–5 cm, light grey = 5–10 cm). Error bars represent standard deviations. Above the bars the results of a Wilcoxon rank test are inserted (level of significance: p < 0.05).
The average value of C (%) in the different land use types is shown in Figure 2B. Most of the inter-variability between the land use types is apparent since the C % differs significantly between numerous plots. The C found in the first 5 cm of soil at the bushveld savannah 3, differs significantly from all the other land use types. When comparing the average amount of C present in the soil pools it is clear that the highest presence of C, with an average value of 3.2%, can be found at a soil depth of 0–5 cm in the bushveld savannah 3 plots. The lowest average of 0.7% can be found in the Mopane woodland soil pool at a depth of 5–10 cm. Trends with maximum and minimum C values are the same at both depths. When comparing the differences in C between the soil depth of 0–5 and 5–10 cm, the C % was consistently higher in the top 5 cm, except for the C in the soil samples taken at the citrus groves. 
The average values of N (%) in the different land use types are shown in Figure 4. The highest amount of N was found at the bushveld savannah 1 site, with an average of 0.34% at a depth of 0–5 cm. There is a great standard deviation from the mean at the bushveld savannah 1 site which indicates that the intra-variability within this land use type varies to a high degree. The lowest average amount of N (0.05%) was found at the Mopane site at a depth of 5–10 cm. Trends with maximum and minimum N values are the same at both depths. The Mopane site had the lowest values, of all sites, for both C and N. There is a high amount of inter-variability in N between the different land uses with most sites differing significantly from each other. When comparing the differences in N between the soil depth of 0–5 and 5–10 cm the N % was always the highest in the top 5 cm. 
The average value of BSi (%) between the different land use types was determined and represented in Figure 4. A high average of BSi, which is 1.71%, was found in the first 5 cm of the burned sites, this differs significantly from all the sites, including the 5–10 cm layer of the burned sites. The lowest average amount (0.16%) of BSi was present in the deeper soil layer of the communal grazing land. When comparing the differences in BSi between the soil depth of 0–5 and 5–10 cm, the BSi % was always higher in the top 5 cm of soil, except for the BSi in the Mopane-dominated woodlands. The amounts of BSi in the communal grazing lands were almost equal between the different depths.
Intra-variability within sites
Variation
Within a certain land use, the different sites showed a high degree of lateral variation. A high amount of intra-variability can be seen in the N% between the sampling plots in the first bushveld savannah site (Figure 3), with relatively smaller variation observed for C and BSi. Plot 1 in general has a high C and BSi content, and low N content. The most striking feature is the relatively high N % in plots 2 and 3.
[image: Figure 3]FIGURE 3 | (a) Carbon % (b) Nitrogen % (c) BSi %, at the different sampling plots (1–4) and depths within the plot (dark grey = 0–5 cm, light grey = 5–10 cm) for the three bushveld savannah and the mopane dominated sites. Error bars represent standard deviations (n = 5). Above the bars the results of a Wilcoxon rank test are inserted (level of significance: p < 0.05).
Whereas there was no correlation between C and N for the first bushveld savanna site, variation in C and N content in the second bushveld savannah site (Figure 3) was very similar, with BSi showing a similar but very weak correlation. There is a significant linear correlation (p < 0.05) between C and N for both 0–5 cm (R2 = 0.98) and 5–10 cm (R2 = 0.96). The first plot value, for both C and N, differs significantly from most of the other three plots within the site. The BSi % for the bushveld savannah 2 site has large standard errors of the mean which suggests a lot of variance between the replicas of each plot, but not many of the plots differ significantly from one another. The C, N and BSi values are much higher at bushveld savannah 1 than at bushveld savannah 2. At both sites, the soil depth was less important compared to spatial variability. No relation was found between C and BSi and between N and BSi at the two sites.
At the bushveld savannah 3 site (Figure 3) one plot (plot 3) differed strongly from all the other plots for both C and N, but not for BSi. None of the BSi % plots differs significantly from one another, but most plots show a great standard deviation from the mean. There is a significant linear correlation (p < 0.05) between C and N for both 0–5 cm (R2 = 0.98) and 5–10 cm (R2 = 0.98). No relation was found between C and BSi, nor between N and BSi.
In the Mopane woodland, there was one plot that differed strongly from the other plots (plot 3). Variation in C and N content was very similar (Figure 3). This site has higher percentages of BSi in the 5–10 cm soil layer than in the 0–5 cm soil layer. There is a significant linear correlation (p < 0.05) between C and N at both 0–5 cm (R2 = 0.97) and 5–10 cm (R2 = 0.96) depths. All other relations were not significant.
There is no intra-variability between the plots for both C and BSi in the communal grazing land site (Figure 4) with none of the plots differing significantly from one another. There is some intra-variability between the N% in the plots, but it is very small. There is a significant linear correlation (p < 0.05) between C and N for both 0–5 cm (R2 = 0.99) and 5–10 cm (R2 = 0.95). No relation was found between C and BSi and between N and BSi.
[image: Figure 4]FIGURE 4 | (a) Carbon % (b) Nitrogen % (c) BSi %, at the different sampling plots (1 and 2) and depths within the plot (dark grey = 0–5 cm, light grey = 5–10 cm) for the communal land, burned land and citrus grove sites. Error bars represent standard deviations (n = 5). Above the bars the results of a Wilcoxon rank test are inserted (level of significance: p < 0.05).
There is a strong variation within the burned site (Figure 4) for both C and N. BSi between the burned plots does not differ significantly, but the BSi % differs significantly with depth. There is a significant linear correlation (p < 0.05) between C and N at both 0–5 cm (R2 = 0.98) and 5–10 cm (R2 = 0.99). The relationship between C and BSi and between N and BSi was not significant.
There is a low variability for all three elements within the citrus groves, with some variability between depths for BSi. All the relationships were not significant.
Land use
To show how much variability exists between land use types, two scenarios (Figure 5A) where the average C between two land use types does not differ significantly are presented. When looking at the individual plots the differences are significant. The first example is based on the bushveld savannah 2 and the burned site. The average C % of bushveld savannah 2 is similar and does not differ significantly from the average of the burned site (Figure 4), but in a situation where the two most divergent plots would have been the only plots sampled (by chance), the difference between them is significant. This is also the case for the burned site and communal grazing land.
[image: Figure 5]FIGURE 5 | Carbon %, Nitrogen % and BSi % of plots from different land use types at two different depths (dark grey = 0–5 cm, light grey = 5–10 cm). Error bars represent standard deviations. Above the bars the results of a Wilcoxon rank test are inserted.
Two scenarios are presented where the average N between two land use types does not differ significantly but when looking at the individual plots the differences are significant. The first example is based on the bushveld savannah 1 and bushveld savannah 3 plots (Figure 5B). The average N % of bushveld savannah 1 is similar and does not differ significantly from the average of the bushveld savannah 3 (Figure 4), but in the case when the two most divergent plots would have been the only plots sampled, the difference between them is significant. This is also the case between the annually burned sites and bushveld savannah 2 (Figure 5B).
Two scenarios are presented where the average BSi between two land use types does not differ significantly but when looking at the individual plots the differences are significant. The first example is based on the bushveld savannah 2 and Mopane woodland site. The average BSi % at bushveld savannah 2 is similar and does not differ significantly from the average of the Mopane woodland site (Figure 4), but in the case when the two most divergent plots would have been the only plots sampled, the difference between them is significant. This is also the case between the communal grazing land site and the Mopane woodland site (Figure 5C).
DISCUSSION
This study shows a high degree of variability in C%, N% and BSi% between and within different land use types in the South African bushveld. It also shows that human land use activities, such as the cultivation of citrus groves and intensive cattle grazing, potentially lead to a homogenization of soil nutrients, whereas the soil nutrient pools in areas with natural land use types are predominantly heterogeneous. The study also shows that other anthropogenic influences such as fire do not necessarily have a similar homogenizing effect on different soil nutrients but could instead lead to more variability in specific nutrient pools. Similar results were previously shown in riparian ecosystems where specific anthropogenic influences such as dams and reservoirs also cause spatial variation upstream and downstream of the dam, which is different for N, P and BSi (Struyf et al., 2012).
The results will be discussed according to the different land use types.
Bushveld savannah (Polokwane Nature Reserve)
At the first bushveld savannah site, a relatively high N % (0.12%–0.79%) compared to all other locations was observed. Both plots with a high N% were open landscapes characterized by dried grasses, with a single Acacia tree present in plot 2. McClain et al. (2003), define biogeochemical hotspots as “Patches that show disproportionately high reaction rates relative to the surrounding matrix”. It is a common occurrence for biogeochemical hotspots to be present at the boundaries between two features in a landscape, for example, areas in a landscape can be altered by groundwater concentration (McClain et al., 2003).
South African soils are known to have low organic matter levels (58% of the topsoils contain lower than 0.5% C) with only a small fraction comprising more than 2% organic carbon (Du Preez et al., 2011). Therefore, it was expected that all the natural sites would have low levels of soil C.
The second bushveld savannah site had a lot less C (0.64%–2.06%) and N (0.06%–0.17%) than its neighbouring sites. The site is located close to the first bushveld savannah site (with a C range of 1.39%–3.92% and N range of 0.12%–0.79%) as well as site 3 (with a C range of 1.73%–7.41% and N range of 0.11%–0.47%) but has much lower C and N percentages. Even though the values are lower it is still within the common range for South African soil C and N. It is possible that the values found at the second site are the norm of the area and that the soil C% found at site 1 (1.39%–3.92%) and 3 (1.73%–7.41%) is higher than it would have been in its original state. When a certain land use activity promotes an increase in organic matter, this usually leads to an increase in soil C (Mills and Fey, 2004). Overflows of water from neighbouring land use could act as a fertilizer for the vegetation at the Polokwane Nature Reserve, thereby creating denser vegetation, which would lead to an increase in organic matter and consequently a higher C% in the soil.
Grassland ecosystems are well known to accumulate large reservoirs of BSi (Struyf et al., 2009; Melzer et al., 2012; Struyf et al., 2012). Consequently, it was expected the first bushveld savannah and second bushveld savannah sites to have a similar high average of BSi in the soil however, this was not the case. The first bushveld savannah site had a BSi content of 0.45%–1.4%, which was significantly higher than the second bushveld savannah site with 0%–0.76% content. The vegetation between these two sites appeared to be very similar with a high abundance of grasses but differed in vegetation communities (authors’ observations). The first bushveld savannah site has A. tortilis/Enneapogon grass vegetation and the second bushveld savannah site has A. tortilis open woodland vegetation. Therefore, the greater abundance of Enneapogon grass at the first bushveld savannah site could have resulted in a higher BSi soil pool since species from the grass family (Poaceae) are notorious silica accumulators (Hodson et al., 2005).
A high amount of BSi was also present in the first 5 cm of soil at the bushveld savannah 3 (0.18%–1.73%). This site had less grass present and is characterized by mixed Acacia woodland according to the reserve map. It could be that adjacent land use causes a shift in the weathering of silicates by adding acids for weathering. The main external source of Si in ecosystems is attributed to the mineral weathering of silicates (Struyf and Conley, 2012).
Mopane-dominated woodlands (Grietjie Private Nature Reserve)
The site dominated by Mopane woodland had remarkably low C (0.19%–1.56%), N (0.004%–0.13%) and BSi (0.05%–0.53%) in the soil. Nevertheless, the soil nutrient pool was still quite heterogeneous. Plants tend to use nutrients efficiently in nutrient-poor ecosystems (Hobbie, 1992) and it has been found that plants have the highest nutrient resorption in dry climates (Köppen B) along climatic gradients (Vergutz et al., 2012). The Köppen-Geiger climate classification of the Mopane woodlands is BSk (steppe, mid-latitude dry), so the reason for the low nutrient % could be the result of effective nutrient recycling at this site. Another possible reason for the low C and N levels is that the reserve was previously used for extensive agriculture carrying approximately 150 cows and 120 goats. In a previous study focusing on a different vegetation type, in the Eastern Cape of South Africa, goat farming was shown to have transformed a dense thicket into an open savannah, resulting in 40% less soil C, compared to adjacent sites with intact dense thicket (Mills and Fey, 2004). Robles and Burke (1998) found that the restoration of soil C stocks in degraded ecosystems in semi-arid areas, is a slow process and after 6 years of conservation soil C and N have only shown a slight increase. It could be that even though the vegetation looks healthy, the soil C and N at the Mopane-dominated woodland site is still recovering from cultivation.
Throughout the other land use types, the BSi concentration was always highest in the first 0–5 cm and less at 5–10 cm, but not so at the Mopane site. This could be due to the high presence of termite heaps in the Grietjie Nature Reserve. BSi values in undisturbed soils are usually highest at the soil surface and decrease with depth, but deviations from this pattern can occur when soils are influenced by bioturbation, exposed to erosion or vertical translocation of phytoliths (Gol’eva and Aleksandrovskii, 1999; Hart and Humphreys, 1997). Phytoliths are rigid, microscopic plant structures made of silica which often remain after the plants’ decay (Piperno, 2006).
Annually burned
A study was done by Melzer et al. (2010) on an area, within the Coast Hinterland bushveld of South Africa, focusing on annually burned-, intermediately burned- and unburned areas in the presence and absence of grazers. At grazed sites, annually burned and unburned sites had the highest soil BSi values but no significant differences were found between them. However, on ungrazed sites, the highest soil BSi was found in the intermediately burned and annually burned sites, but the difference between burned and unburned was still not significant. Since the annually burned roadsides sites sampled in this study are also not grazed it was expected that the BSi % could follow this trend and be higher than other unburned sites, but the difference was not expected to be very big. However, from the results, it became clear that the burned site had the highest BSi (0.6%–2.09%) of all the land use types. This is in accordance with the findings of Unzué-Belmonte et al. (2016) that say burned soils provide an immediate source of Si. During the loss of organic elements by charring, N is lost first, followed by oxygen, hydrogen and lastly C (Almendros et al., 2003). The relative proportion of the main inorganic constituents such as calcium, magnesium, potassium and silicon increased with an increase in combustion temperature, while the other elements decrease in proportion since their volatilization temperature is lower (Bodi et al., 2014). After a burning event, the available nutrients are expected to be highly heterogeneous across the landscape (Pereira, 2010; Pereira et al., 2012). This could be the reason for the high heterogeneity within the annually burned sites. Unlike hypothesized the soil nutrient pool at the burned sites was heterogeneous and not made homogeneous by the human management thereof.
Communal grazed cattle land
Low soil C (<1.69%) and N (<0.15%) were found at the communally grazed cattle land. This was expected since the removal of vegetation by grazing has been found to reduce soil C (Mills and Fey, 2004). This is the result of lower biomass production which then leads to the loss of organic matter found in the soil (Du Preez et al., 2011). The amount of BSi present in this site (0%–0.36%) was the lowest compared to the other land use types. In these degraded lands, vegetation is extremely poor so the occurrence of less grass, acting as “silica factories” as described by Street-Perrott and Barker (2008), would mean fewer BSi present in the soil. BSi could also be lost to the adjacent Olifants river. Grazing conditions increase the potential turnover of BSi and leaching from terrestrial areas towards aquatic systems (Vandevenne et al., 2012; Vandevenne et al., 2013). Higher rates of DSi dissolution have been found in cattle faeces compared to grass litter/hay in experiments using CaCl2 and rainwater as extracting agents. Vandevenne et al. (2013), hypothesise that this high dissolution potential is due to the physical accessibility of BSi after it has been transported through the herbivore guts. After the mechanical breakage of grass cells by digestion, the organic matrix is removed which makes the BSi more accessible to dissolution since the surface-to-volume ratio is increased.
Citrus groves
This study also shows that citrus groves lead to a homogenization of soil nutrient pools. When compared to other land use types, citrus groves had a relatively high amount of soil C (1.27%–2.41%). A study focusing on the carbon balance of citrus plantations in Eastern Spain found carbon fixation rates of higher than 10 Mg C ha−1 yr−1 (Iglesias et al., 2013). The authors also found that soil and fruit respiration only played a minor role in C losses. Fertilization with N, which is highly likely in the citrus groves, is also likely to increase C sequestration, due to greater plant productivity (Mills and Fey, 2004). Furthermore, tree growth is the factor leading to a net positive C balance (Hoosbeeket al., 2018). It is known that N fertilizing can sometimes be too high in farmlands in an attempt to acquire high fruit and other yields (Zhu and Chen, 2002). In Florida and most likely other parts of the world, the application of fertilizers to citrus groves consists of applying a uniform amount of fertilizer over large areas (Qamar uz and Schumann, 2006). Therefore, high N % was expected within the citrus groves, but this was not the case with N ranging from 0.11% to 0.2%. Nitrogen runoff through the surface or groundwater could be redistributing N from the citrus groves towards the nearby Olifants river. Nevertheless, it could also be that the farmer is complying with the concept of precision farming and is applying N fertilization in a responsible efficient way.
BSi production in citrus groves is a topic which has not been studied much. The citrus groves had relatively high BSi amounts (0.46%–1.3%). It is known that BSi provides many benefits to plants such as increasing resistance to pathogens, grazing insects etc., and assists plants in retaining e.g., upright structure (Fauteux et al., 2005; Street-Perrott and Barker, 2008). It has also been found that BSi plays a crucial part in citrus development and growth (Matichenkov et al., 1999). Healthy trees have a higher amount of BSi present in their leaves compared to their unhealthy counterparts. Tree leaves also have a higher amount of BSi present in their leaves when they are exposed to biotic stresses and with increased age (Matichenkov et al., 1999). Data collected by Matichenkov et al. (1999), showed a connotation between the BSi in the leaves and the BSi found in the soil. Since the citrus groves at the study site are healthy adult trees it could have been expected that they should have a relatively high BSi soil pool.
CONCLUSION
This study has quantified the C-N-BSi stocks and their ratios in five different land use types dominating the South African bushveld. It shows that a high degree of variability exists within these land use types. As hypothesized, it shows that human land use activities such as intensive cattle farming and cultivation of citrus products lead to a homogenization of soil nutrients. However, anthropogenic influences such as fire management do not necessarily have a similar homogenizing effect on soil nutrients, but could instead lead to more variability in nutrient pools. Natural land use types were found to be predominantly heterogeneous with the potential occurrence of a nutrient hotspot. Alterations to the soils could have potential consequences for C, N and BSi totals and in response thereto on the local biodiversity. The results suggest that a few samples are not always representative of the nutrient status of larger areas and should be scaled up with care to larger bioregions or biomes. This could lead to misconceptions about our knowledge and understanding of ecological processes.
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