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			Abstract

			We investigated the influence of hydroperiod variation on soil nutrient content in the Okavango Delta seasonal floodplains. Soil samples were collected from eight zones of homogenous vegetation cover after low and high floods and analysed for pH, Na, Mg, Ca, K and P content. A Student's t-test was used to test for differences in pH, Na, Mg, Ca, K and P between soils after low and high floods. The Kruskal-Wallis test was used to compare means of flooding duration and depth between low and high floods. Na, K, Mg, P and pH levels in soils were significantly different (p<0.05) after low floods compared with after high floods. Na content was lower (p<0.05) in Zones 2 and 8 and higher (p<0.05) in Zones 4, 5 and 6 during high flood than during low flood. Ca content was lower (p<0.05) in Zones 1, 2, 3, 4 and 5 and higher in Zone 7 (p<0.05) under high flood than during low flood. Mg content was lower (p<0.05) in Zones 1 and 5 and higher (p<0.05) in Zones 6, 7 and 8 during high flood than during low flood. K content was lower in Zones 1 and 3 and lower in Zones 6, 7 and 8 (p<0.05) during high flood than during low flood. pH was significantly lower and higher after a high flood in Zones 1 and 6, respectively, than during low flood. P content was significantly (p<0.05) higher in all zones after high flood than after low flood. Flooding depth and duration increased (p<0.05) in all vegetation zones during high flood. Our results have direct implications for molapo (flood recession) farming. We recommend that farmers plough immediately after the onset of flood recession when the soil is still moist and rich in nutrients. 
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			Introduction

			Soil nutrient dynamics in seasonal floodplain ecosystems are highly complex1 as a result of flood pulses and changing redoximorphic state.2,3 Flood pulse refers to the alternating dry and wet conditions in floodplain ecosystems.4 It facilitates soil nutrient exchange between rivers and their associated seasonal floodplains.5 During floods, soil nutrients dissolve in floodwaters and are transported from seasonal floodplain surfaces into adjacent rivers.4 Soil nutrients may also be transported from the river into seasonal floodplains through lateral flow.4 Flooding can lead to both increases and decreases in soil nutrient content. During flooding the soil becomes highly reduced, resulting in a decrease in pH which leads to an increase in the mobility of soil nutrients such as P, N, Mg, Ca, Na and K.2 These nutrients include those that were deposited by the previous flood and those released from organic matter decomposition accumulated during dry periods.6 Soil flooding can cause hypoxia leading to a reduction in the soil nutrient content available to plants.7 As a result of hypoxia, the organic matter decomposition rate is reduced3, leading to low soil nutrient content release8.

			Although the relationship between hydroperiod (flooding duration and depth) and soil nutrients has been extensively studied elsewhere,1,9-12 the Okavango Delta has received little attention in this regard. Two studies have shown13,14 that soil nutrient status in the Okavango Delta seasonal floodplains is influenced by hydroperiod. As a result of the soil moisture content gradient, seasonal floodplains experience unequal distribution of soil nutrients. Generally, soil nutrient content is higher in primary floodplains, followed by secondary floodplains, with tertiary floodplains having low soil nutrient content.13,14 However, these studies13,14 were conducted during a low flood (1996/1997 flooding season) in which flooding duration and depth were, respectively, short and shallow. 

			Since 2005, floods in the Okavango Delta have increased annually, with the highest floods to date recorded in 2010.15 The 1996/1997 low flood (389.33 m3/s) season measured at Mohembo was preceded by five consecutive years of low flood while the 2010 high flood (1043.33 m3/s) was preceded by five consecutive years of high floods.15 During high flood, flooding duration is prolonged and flooding depth increases. The surface area inundated (flood extent) also increases and as a result some tertiary floodplains which are usually not flooded during low floods become inundated. It is still not known how soil nutrient content in the Okavango Delta seasonal floodplains is influenced by a high flood. The Okavango Delta seasonal floodplains are important for the local people as they use them for crop production (molapo farming or flood recession farming). Because flooding is an important factor in nutrient cycling in the Delta, there is a need to establish how variation in hydroperiod affects its soil nutrient dynamics. Soil nutrient availability is significant as it supports primary production in seasonal floodplain vegetation communities.13 We therefore compared soil nutrient content after low (1996/1997) and high (2010) flood conditions. It was hypothesised that soil nutrient content would be lower during high flood than during low flood conditions.
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			Materials and methods

			Study area

			The study was conducted in the Nxaraga seasonal floodplains in the Okavango Delta (Figure 1). Nxaraga seasonal floodplains receive floods between May and October with approximately 500 mm of rainfall per year.16 The mean maximum summer temperature is 30.5 °C with a mean minimum of 14.8 °C.17 During winter, mean maximum temperature ranges between 25.3 °C and 28.7 °C while mean minimum temperature ranges between 7.0 °C and 10.0 °C.17
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			Figure 1: 	The Okavango Delta showing the location of the study area and floodplains (bottom left corner).

			Soil sampling

			The comparison of soil nutrient content between years 2010 and 1997 was done through re-sampling soil from zones sampled during low flood13 selected on the basis of homogenous vegetation cover along an elevation gradient between a river channel (low) and dry land (high). During low flood the vegetation zones were dominated by Alternanthera sessilis and Ludwigia stolonifera (Zone 1), Cyperus articulatus and Schoenoplectus corymbosus (Zone 2), Miscanthus junceus and Digitaria scalarum (Zone 3), Paspalidium obtusifolium and Panicum repens (Zone 4), Setaria sphacelata and Eragrostis inamoena (Zone 5), Imperata cylindrica and Setaria sphacelata (Zone 6), Vetiveria nigritana and Setaria sphacelata (Zone 7) and Sporobolus spicatus and Cynodon dactylon (Zone 8).18 During high flood, co-dominant species changed into Oxycaryum cubense and Vossia cuspidata (Zone 1), Cyperus articulatus and Schoenoplectus corymbosus (Zone 2), Miscanthus junceus and Pycreus flavescens (Zone 3), Eleocharis dulcis and Leersia hexandra (Zone 4), Eragrostis inamoena and Panicum repens (Zone 5), Imperata cylindrica (Zone 6), Vetiveria nigritana and Setaria sphacelata (Zone 7), and Sporobolus spicatus and Sporobolus acinifolius (Zone 8).19 Zones 1 and 2 were located in the primary floodplains which are closer to the river channel while Zones 3, 4, 5, 6 and 7 were located in secondary floodplains on relatively intermediately elevated areas. Zone 8 was found in the tertiary floodplains, which are relatively highly elevated areas.13

			A total of 40 plots from an earlier study13 were re-sampled in September 2010. Soil samples were collected from five 5 m x 5 m plots in each of the eight pre-defined zones. From each plot, one soil sample was collected at a depth of between 0 and 300 mm using a soil auger. The soil samples were oven dried at 80 °C for 24 h, ground using a pestle and mortar and sieved through a 2-mm mesh. The samples were analysed for pH, extractable Na, P, Ca, Mg and K. pH was determined from a 1:1 soil: water suspension using a pH electrode (model 330i, Wissenschaftlich-Technische Werkstatten GmbH, Weilheim, Germany). K and Na content was determined using a flame photometer (model 410, Sherwood Scientific, Cambridge, UK) while Mg and Ca content was determined using a Varian atomic absorption spectrophotometer (Model AA 220, Varian, Sydney, Australia). Total P analysis was performed using a Bran+Luebbe Auto Analyser 3 (Norderstedt, Germany).

			Hydroperiod sampling

			Flooding depth was determined using a calibrated 2-m polyvinyl chloride pipe in all the plots where the soil samples were collected. Flooding duration was estimated as the number of weeks in which the plots were flooded.

			Statistical data analysis

			A Student's t-test was performed to compare soil nutrient content between low and high flood conditions in different floodplain vegetation zones. The Kruskal-Wallis test was used to compare the average flooding duration and depth between a low and high flood. Correlations between flooding depth, duration of flooding and soil nutrient status were performed using a Spearman’s rank correlation with SPPS version 19, 2010.
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			Results

			Flooding depth and duration were significantly (p<0.05) higher in all vegetation zones during high flood than during low flood (Table 1). 

			Table 1: 	Flooding depth and flooding duration during low (1996/1997) and high (2010) floods in Nxaraga, Okavango Delta
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			P, permanently flooded; *p<0.05

			Ca content was lower (p<0.05) in Zones 1, 2, 3, 4 and 5 and higher in Zone 7 (p<0.05) under high flood conditions in 2010 than under low flood conditions in 1997 (Figure 2). Other differences (Zone 6) were not found to be significant at the p<0.05 level. Na content was lower (p<0.05) in vegetation Zones 2 and 8 and higher (p<0.05) in Zones 4, 5 and 6 during high flood than during low flood (Figure 3). Mg content was lower (p<0.05) in vegetation Zones 1 and 5 and higher (p<0.05) in Zones 6, 7, 8 during high flood than during low flood (Figure 4). K content was lower in vegetation Zones 1 and 3 and higher in Zones 6, 7 and 8 (p<0.05) during high flood than during low flood (Figure 5). 
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			Figure 2: Mean Ca content after low and high floods. 
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			Figure 3: Mean Na content after low and high floods.
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			Figure 4: Mean Mg content after low and high floods. 
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			Figure 5: Mean K content after low and high floods. 

			pH was significantly (p<0.05) higher in Zone 1 and lower in Zone 6 during high flood than during low flood (Figure 6). 

			[image: fig%206.tif] 

			Figure 6: Mean pH after low and high floods.

			P content was significantly (p<0.05) higher in all Zones after the high flood than after the low flood (Figure 7).

			[image: fig%207.tif] 

			Figure 7: Mean P content after low and high floods. 

			Correlation between hydroperiod and soil nutrient content 

			In 2010, Na, Ca, K and Mg content and pH level were negatively correlated with flooding depth and duration. P content was positively correlated with flooding depth and duration (Table 2).

			Table 2: 	Correlations (r-values) between flooding depth, duration of flooding and soil nutrient content and pH level
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			Discussion

			Soil nutrient content varied after low and high flood. With the exception of P, soil nutrient content generally increased with decreasing flooding depth and duration. K, Ca, Mg and Na contents were lower in Zones 1, 2 and 3 and higher in Zones 6, 7 and 8 in response to a high flood. These results are consistent with findings from previous studies.1,11,12,20,21 High K content in zones experiencing low flooding depth and short flooding duration was also observed in the seasonal floodplains of the Orinoco River1 and the Rhine and Narow Rivers12. In a study conducted in the Careiro Islands in the central Amazon, Na content was higher in dry zones than in flooded zones.20 The findings of this study also agree with the results from a study21 conducted in a Mongolian lake in which Ca content decreased with an increase in moisture content. It was also observed that Ca content increased with decreasing moisture content in a study conducted on the Lower Mkuze seasonal floodplain in South Africa.12

			Low Ca, Mg, K and Na contents in vegetation Zones 1, 2, 3, 4 and 5 after a high flood could be a result of leaching and dilution22-24 because flooding increases the solubility of mineral nutrients2. It could be expected that during a high flood more soil nutrients dissolve in water and are lost through leaching as water infiltrates the soil. It could also be expected that because clay is negatively charged18 cations would bond to the soil particles, thus reducing leaching. However, leaching of cations has been found to be accelerated by dissociation of NO3- from HNO3 (from nitrification).18 Zones 1, 2, 3, 4 and 5 experienced high flooding depth and long flooding duration, which would suggest that more of their soil nutrients dissolved in the water and were lost through leaching. 

			Another factor that could lead to reduced soil nutrients during high flood is the rate of decomposition of organic matter. Organic matter is a reservoir of nutrients which are released when it decomposes.25 During flooding, water displaces oxygen from the soil,26,27 leading to anaerobic conditions.28-30 Under anaerobic conditions, the rate of decomposition of organic matter declines, resulting in low soil nutrient content.3 It is likely that Zones 1, 2, 3, 4 and 5 experienced anaerobic conditions because of their relatively high flooding depth and long flooding duration, resulting in a low organic matter decomposition rate, and hence low soil nutrient content. In contrast K, Mg, Na and pH increased in vegetation Zones 6, 7 and 8 under high flood conditions.

			High K, Mg, Na and pH after high floods in Zones 6, 7 and 8 could be attributed to increased organic matter decomposition rates, evapotranspiration and lateral flow deposition. Sediment deposition in floodplains leads to an increase in soil nutrients.29 Water and sediments from the main river channel are a source of dissolved nutrients to the floodplains.4,31 During high flood, vegetation Zones 1, 2, 3 and 4 were almost converted into permanent swamps and as a result soil nutrients could have been transported away from them into the peripheral Zones 6, 7 and 8 through lateral flow.31 Increased soil nutrients in Zones 6, 7 and 8 could also be attributed to organic matter accumulation and decomposition. During low floods, these zones were not inundated14 and as a result organic matter may have accumulated.31 When they received water during high floods, organic matter decomposition may have been triggered and nutrients released.6 Furthermore, when organic matter dries, it mineralises into soil nutrients such as Ca, thus increasing the soil content of these cations.32

			P content was higher after a high flood than after a low flood in all vegetation zones. P has a strong affinity to fine clay particles and it could be expected that during high floods more sediment is deposited, consequently leading to high P content.2,3,33 The high affinity of P (which exists as PO4-3 in solution) to clay is a result of lanthanum (has either +2 or +3 charge) that is embedded in the clay structure.34 P binding to clay is also influenced by pH. It was found that P binding to clay decreased with an increase in pH from 7 to 9, which was attributed to formation of hydroxyl species of the lanthanum ions decreasing the number of P binding sites on the clay sites.34 A high flood is expected to lead to anoxic conditions because of increased water depth and prolonged waterlogging, which leads to mobilisation of P and results in its increase.2,3 Under aerobic conditions, P binds to iron oxides. Because of prolonged anaerobic conditions imposed by flooding, Fe bound to P is reduced from Fe (III) to Fe (II), releasing P from iron-phosphate complexes.2,3,35 It is expected that during low flooding conditions, P reacts with Ca, Al and Fe oxyhydroxides as a result of aerobic conditions, consequently reducing its available content in the soil. 
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			Conclusion

			Soil nutrient content increased in some vegetation zones while it decreased in others after high flooding. Ca and Mg content increased in Zone 7. Mg content also increased in Zones 6 and 8. K content increased in Zones 6, 7 and 8 while P content increased in all the zones. Na content increased in all zones except Zones 1 and 8. These results therefore show that flooding variation influences soil nutrient content in the Okavango Delta seasonal floodplains. These results have direct implications for molapo (flood recession) farming. We recommend that farmers plough immediately after the onset of flood recession when the soil is still moist and rich in nutrients.
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