

  hydrology-09-00229




hydrology-09-00229







Hydrology 2022, 9(12), 229; doi:10.3390/hydrology9120229




Article



Hillslope Hydrology in a Deeply Weathered Saprolite and Associated Nitrate Transport to a Valley Bottom Wetland in Central Uganda



Claudia Schepp 1,*, Bernd Diekkrüger 1,*[image: Orcid] and Mathias Becker 2





1



Institute of Geography, University of Bonn, 53115 Bonn, Germany






2



Institute of Crop Sciences and Resource Conservation, University of Bonn, 53115 Bonn, Germany









*



Correspondence: clsche@uni-bonn.de (C.S.); b.diekkrueger@uni-bonn.de (B.D.)







Academic Editor: Tammo Steenhuis



Received: 6 November 2022 / Accepted: 12 December 2022 / Published: 19 December 2022



Abstract

:

While interflow from the slopes can be crucial for water and nutrient availability in low-input farming systems in wetlands in East Africa, very little data exist on hillslope hydrology and associated nutrient transport in deeply weathered saprolites over crystalline rocks. This study aims for a better process understanding of interflow generation and routing in this environment and its contribution to water and nitrate availability at the wetland fringe of a valley bottom wetland in central Uganda. The study was set up as a plot study following a multi-method approach, including interflow trenches, soil analysis, and geo-electrical measurements. We found that interflow generation was related to the undulating subsurface topography and the conductivity of the upper saprolite, while interflow was conducted to the slope toe via small, perched aquifers and preferential flow paths within the saprolite, which are connected during the rainy season. Interflow volumes and nitrate transport were strongly related to the land-use type and rainfall characteristics. As the nitrate delivered from the slopes was quickly lost in the anaerobic environment of the wetland fringe, sustainable agricultural management should focus on the slope toe and the upland positions.
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1. Introduction


Extending agricultural production to wetland areas has increasingly become the center of attention in the debate around ensuring food security for a quickly growing population in East Africa and other tropical regions of the world. Compared with the frequently degraded upland areas [1], wetlands are characterized by higher soil fertility and prolonged water availability [2]. The latter is a highly desirable attribute in areas with reoccurring droughts. At the same time, wetlands are very fragile ecosystems that deliver a wide range of ecosystem services besides provisioning services [3]. In the Lake Kyoga basin in Uganda, where this study is situated, already 42% of the wetland area is degraded due to agricultural activities [4]. Hence, the wise use of wetlands, which is based on a sound system understanding, is mandatory to engender sustainable landscape management that will ensure food security and environmental integrity [5].



Hydrology essentially determines the state, i.e., the health, of a wetland [6,7]. Especially channeled valley bottom wetlands, which can be defined as “mostly flat wetland areas located along a valley floor often connected to an (…) adjoining river (…) with a small river channel running through them” [8] (p. 23), are very sensitive to changes in the quality and quantity of their water supply [9]. Depending on the geology, the water supply might be driven mostly by (sub-)surface runoff from the surrounding slopes [10,11,12]. Therefore, a clear view of the catchment hydrology is essential for informed management decisions.



Studies in valley bottom wetlands in Ghana [13], Benin [14], and Burkina Faso [15,16] have shown that the prolonged water availability, as well as the favorable nutrient supply at the wetland fringe, as compared with the upland areas are related to shallow interflow from the slopes adjacent to the wetland. Studies trying to identify the major contributors to plant-available water in wetlands in South Africa produced different results, identifying either surface runoff [12,17] or subsurface flow [10] as the main source of water supply to the wetland. For the deep and highly weathered saprolites in East Africa, though, knowledge on interflow and its connectivity to the wetland is still very limited.



In temperate regions, processes related to interflow generation and routing have been studied for a long time, leading to insights on equilibrium and non-equilibrium flow paths [18,19], the extension of interflow networks with increasing soil moisture [20,21,22], as well as the effect of sub-surface topography on the threshold behavior of interflow generation [20,23,24,25]. The contribution of event water to interflow collected at the slope toe [26,27,28] and the downslope travel distance of interflow [29] have been intensely debated. For saprolitic environments, though, very few insights on interflow generation and routing exist (e.g., [30,31,32]), and previous studies in the area rather focused on groundwater [32,33] or modeled hydrological processes at a catchment scale [34].



In Uganda, still, only 35 % of agricultural households apply any kind of fertilizer [35], and nutrient availability is often a limiting factor for crop growth and food production [36,37]. In these low- and no-input production systems, careful nitrate management, which aims to avoid nitrogen losses from the plant-soil system, is crucial for sustaining food production. In the mostly anaerobic environment of valley bottom wetlands, though, nitrate is easily lost via denitrification, runoff, and leaching [38]. Hence, a clear understanding of the hydrological connectivity and the timing of nitrate inputs from the slopes is fundamental for adapting agricultural management interventions to natural nutrient availability [39].



For many tropical regions, a peak in nitrate inputs from the slopes has been found during the dry-to-wet transition period (e.g., [16,40,41]). Several cycles of drying and rewetting of the soil stimulate the mineralization of organic matter, leading to the release and accumulation of mineral nitrogen [42], a process known as the “Birch” effect [43,44]. With increasing saturation levels, the nitrate can then be subject to denitrification or be washed out from the upland areas and transported toward the wetland fringe.



Generally, nitrate transport depends on source factors (the amount of nitrate present in the soil solution) as well as transport factors [45]. Both are directly related to the amount of water available, while the latter is further determined by the characteristics of water movement in the soil and at the hillslope scale, as further analyzed by [39,46,47,48,49]. In this context, Ref. [50] describes that, in the absence of surface-near perched water tables or at straight or convex hillslopes, nitrate might leach to deeper flow pathways, which can be considered “transient”, i.e., nitrate appears in the stream months later or “permanent”, i.e., nitrate reappears in the stream years later [51].



Therefore, a sound understanding of the hillslope hydrology, as well as of the environmental conditions influencing nitrate mineralization and transport along the slopes, is crucial for comprehensive agricultural management, which considers the entire landscape and the processes within it. This also includes taking the effect of different land use types on nitrate availability in the soil solutions, as well as on the hillslope hydrology, into account, as, e.g., the presence of perennial vegetation was found to increase nitrate uptake [52] and strengthen [42,53,54] or weaken [55,56] interflow processes.



This work aims



	(i)

	
to contribute to the understanding of the hillslope hydrology in a deeply weathered saprolite;




	(ii)

	
to investigate the effect of rainfall characteristics and different land-use types on the hillslope hydrology and associated nitrate transport; and




	(iii)

	
to analyze the relevance of water and nitrate inputs from the surrounding slopes for water and nitrate availability at the fringe of the valley bottom wetland.







Using a multi-method approach in the frame of a plot study, we will show that interflow generation depends on the sub-surface topography and hydraulic conductivity of the upper saprolite and that a quick, as well as a delayed, interflow component develop in the saprolite, which are at least partly fed by event water. While semi-natural vegetation decreases (sub-)surface runoff, rainfall amount and distribution over the rainy season determine interflow volumes and associated nitrate transport. This work will further show that despite a significant inflow of water and nitrate to the wetland fringe, management interventions to keep nitrate in the soil-plant system should rather focus on the slope toe and the upland positions.




2. Materials and Methods


2.1. Study Site


The study site is located in the lower Nasirye catchment, in the Wakiso district in Central Uganda, at 0.5° N and 33° E and at an altitude of 1100 to 1300 masl (see Figure 1). The Nasirye catchment belongs to the Lake Kyoga basin and comprises an area of 33.2 km2, of which 4.5 km2 make up the Namulonge valley bottom wetland [57]. As with most parts of South-Central Uganda, the study site is characterized by an undulating topography with gentle, wavy slopes [58], and wetlands in a network of small, vegetated valley bottoms [59]. The mean annual rainfall is 1170 mm [60], and the climate is characterized by a bi-modal distribution of rainfall, with the long rains occurring from March to May and the short and more variable rains occurring from October to December.



The geology of the Namulonge study site is characterized by Archean granitoids and orthogneisses, Proterozoic orthoquartzites, and conglomerates, as well as slates, shales, and phyllites [61]. Regionally increased metamorphism led to the formation of porphyroblastic phyllites, which comprise about 50% muscovite that locally appears as coarse flakes [62]. As with most crystalline rocks in Uganda [63], the rocks in the study site are overlain by a thick weathering mantle, which comprises the residual soil, the saprolite, and the saprock [32]. Hydraulic conductivities in the saprolite and saprock are highly variable and decrease with depth. In central Uganda [63], researchers have found an average hydraulic conductivity of 10−4 m/s for the saprock and 10−6 m/s for the saprolite. The thickness of the saprolite varies between 17 and 49 m [64], and the upper part of the saprolite is characterized by the presence of kaolinitic clay minerals as well as sand and gravel as minor components.As the degree of weathering decreases with depth, the lower saprolite contains more primary minerals, and its texture is dominated by the middle-sand fraction [33]. The weathering profile acts as a semi-confined aquifer due to the lower hydraulic conductivity in the clay-rich upper saprolite and the higher conductivity in the sandy lower saprolite [33,65]. Nevertheless, preferential flow paths might be present in the upper saprolite, due to root penetration and cracks or because of the presence of interconnected sand veins. The quaternary alluvial sediments in the valley bottom are comprised of interconnected sand and gravel lenses, which are interbedded with clayey deposits [33].



The dominant soil type in the uplands is Eutric rhodic Nitisols, while the soils in the valley bottom are classified as Eutric umbric Gleysols or Eutric Gleyic Fluvisols along the tributaries of the main stream [34]. The Nasirye catchment belongs to the sub-humid agroecological zone of Lake Victoria Crescent [58]. While the natural vegetation in the valley bottom wetlands is papyrus (Cyperus papyrus) [66], the potential natural vegetation in the upland areas of the Nasirye catchment in Lake Victoria is drier, peripheral semi-evergreen Guineo-Congolian rain forest [67]. Currently, only small patches of natural vegetation can be found in the Nasirye catchment. Most of the area is cultivated by smallholder farmers who grow typical upland crops, such as maize (Zea mays), beans (Phaseolus vulgaris), and sweet potatoes (Ipomoea batatas) at the valley slopes, and rice (Oryza sativa) and taro (Colocasia esculenta) under (near-)saturated conditions in the wetland. A detailed land use map of the catchment can be found in [34].




2.2. Study Design


The study was designed as a plot study comprising three plots of 30 m × 105 m, stretching from the wetland fringe to the mid-slope position (see Figure 2a). Measurements were taken at different slope positions, covering the wetland fringe, the slope toe, the lower slope, and the mid-slope position (Figure 2b). On each plot, a different land-use type was established. While the plot under the bare fallow treatment was kept free of vegetation by weeding and spraying, native vegetation was allowed to grow back on the plot under semi-natural vegetation so that the plot was covered by high perennial grasses and small shrubs. The plot under crop production was left to a local small-scale farmer who cultivated cassava (Manihot esculenta) at the slope toe, sweet potatoes (Impomea batatus) at the lower slope, and maize (Zea mays) intercropped with beans (Phaseolus vulgaris) at the mid-slope position, following local practices and without any fertilizer application. Due to the land rights situation, no bare fallow treatment could be established at the wetland fringe. Instead, taro (Colocasia esculent) was cultivated by a local farmer. For the same reason, no measurement point could be established at the wetland fringe below the plot under semi-natural vegetation.




2.3. Data Collection and Analysis


As is common in hillslope hydrology, a multi-method approach was followed [68], which comprised geo-electrical measurements, as well as the monitoring of soil moisture and nitrate dynamics in the soil solution, and direct quantification of interflow and surface runoff. In this study, a hillslope-centered approach [68], in which water fluxes are directly studied at the slope, was chosen.



Two-dimensional electrical resistivity imaging surveys (ERT) [69] were conducted and applied in a reconnaissance fashion in order to gain further insights into subsurface structures and to assist in the interpretation of hydrological processes [31]. Measurements were taken along three transects in slope parallel and slope perpendicular directions, using the ABEM SAS 300C terra-meter (ABEM instrument AB, 161 02 Bromma, Sweden) in combination with the ABEM electrode switcher ES464 and multi-core cables to establish a multi-electrode resistivity system. The longest transect covered the entire slope length, starting from the wetland fringe and extending to the hilltop. Measurements were repeated at different electrode spacings of 0.7 m, 2.5 m, and 5 m in order to resolve shallow, as well as deep, structures. Electrodes were arranged following the Wenner array, as two of its attributes are a high signal strength and high resolution of horizontally layered subsurface structures [70]. As drilling results have revealed the presence of a horizontal layer with a high quartzite content, these attributes were desirable to reach a satisfying depth of investigation. Resistivity tomographies were finally derived using the inversion software RES2DInvx64 (ver. 4.8.18) [71].



Physical soil properties, soil moisture, and nitrate content in the soil solution were measured at the different slope positions under each land use type, as shown in Figure 2. Soil texture was determined using a laser diffraction particle size analyzer, Horiba L950 (Horiba Ltd., Kyoto, Japan) and the field saturated conductivity Kfs was measured using a single-ring infiltrometer.



Soil moisture was measured using a profile probe type PR2 [72], which is an FDR (frequency domain reflectometry) device. Measurements were taken at 10, 20, 30, and 40 cm depths every 2–3 days during the rainy season and once a week during the dry season. The soil water content at saturation Θs for each measurement depth was then calculated using the pedotransfer functions introduced by [73] and the correction factors for the effect of the skeletal fraction as described in [74].



For the purpose of nutrient analysis, the soil solution was abstracted using rhizon soil moisture samplers [75] from the upper (0-15 cm depth) and lower topsoil (15–30 cm depth), and the nitrate content was determined in situ using a Nitracheck reflectometer [76] with Merckoquant® test stripes. Sampling took place on the same days as the soil moisture measurements (i.e., every 2–3 days during the rainy season and once a week during the dry season) if the soil moisture could be abstracted. In addition to that, ion exchange resin capsules [77] were installed at every measurement point at the beginning of the rainy season, and nutrients adsorbed by the resin capsules were recovered by sequential shaking of each capsule in three batches of 20 mL 2 M HCl for 20 min, as described in [78], at the end of the season. Nitrate content in the HCl eluates was then photometrically analyzed using a continuous flow analyzer. Such an in situ installation of ion exchange resins provides a reliable index of nutrient bioavailability [79] and has proven to yield valuable results in solute transport studies [80,81].



At the slope toe of each plot, a micro-trench of 2 × 3 m2 was excavated. At the plots under crop production and semi-natural vegetation, water from the matrix, as well as from macropores, was jointly collected in clay-covered gutters of 1.5 m length at a depth of about 30 cm below the surface of the saprolite (see Appendix A). At the plot under bare fallow, the installation of a gutter was not possible, and hence interflow volumes could not be quantified. On the other plots, interflow volumes, as well as the nitrate concentration in the interflow, were determined every 2–3 days during the rainy season and once a week during the dry season. Interflow was collected in a measuring cylinder for 3 × 1 min, and the mean value was then extrapolated to derive the daily interflow volume. Due to static issues, the trenches could not be extended further downwards, so not all the lateral flow could be captured. Nevertheless, qualitative observations of interflow processes at a site are of “considerable pedagogic value” [19], as the dynamics related to land use type, seasonality, and rainfall patterns can be captured, and nutrient contents can be measured.



Surface runoff was collected in steel drums below three confined runoff plots per land-use type at the lower slope position (see Appendix A). The area of each runoff plot comprised 42 m2 until, in April 2017, the area was reduced to 30 m2 per plot in order to reduce runoff volumes and avoid overflow of the collectors. Each collector accommodated 245 L. Due to frequent overflow of the collectors at the plot under bare fallow, the collector volume at each runoff plot was increased to 490 L during the first and second rainy season 2017for this land use type. The runoff coefficient, i.e., the share of rainfall that is converted to surface runoff during a rainfall event, was calculated by dividing the surface runoff generated per unit area by the amount of rainfall received in that area.



In order to conduct a field-based analysis of the hydrological reaction of the different runoff components and the soil moisture to different rainfall conditions, precipitation was measured at the experimental site using a tipping bucket rain gauge with a resolution of 0.2 mm at a 1 min interval (Theodor Friedrichs & Co., Type 7041, Theodor Friedrichs & Co., Ltd., Schenefeld, Germany). For further analysis, the data were summarized to daily values for a 24 h time interval starting at 17:00 h and ending at 17:00 h on the following day, while the data were always assigned to the date at the end of the interval. This time frame was chosen in order to facilitate correlations with the other measurements, i.e., to relate the precipitation received during night hours to the measurements of soil moisture, surface runoff volumes, etc., on the following day. Rainfall intensity was calculated as the maximum amount of rainfall received during 15 min on each day.



A detailed description of the study setup and the methodological approach can be found in [82].





3. Results


3.1. Interflow Processes along the Slope


3.1.1. The “Fill-and-Drain” Mechanism


The ERT results, which are explained in more detail in the following section, revealed an undulating sub-surface topography of the upper saprolite in slope parallel, as well as slope perpendicular, directions (see Figure 3). This was also confirmed by shallow drilling logs. Analyzing Kfs, one could find higher Kfs values in the upper saprolite than in the soil’s B-horizon above it, with the difference being significant at two of the three sampling points (see Table 1). Nevertheless, interflow could only be detected in the trenches at the slope toe, not in the trenches at the lower slope position. Hence, it can be deduced that interflow did not pass along the soil-saprolite interface but was rather conducted towards the slope toe within the saprolite.



We hypothesize that interflow generation along the slope is related to what we call the “fill-and-drain” mechanism, following the “fill-and-spill” mechanism described in [83]. Infiltrating water is conducted to the soil–saprolite interface via macropores from termite activity and via matrix flow. The higher Kfs values of the upper saprolite compared with the B-horizon prevent infiltration into the saprolite, and water is conducted to the depressions in the subsurface topography due to capillary diversion [84]. The water then pools in the depressions until the matrix potential is high enough locally to let a complete breakthrough [85] occur so that the water is transmitted to the saprolite (see Figure 4), where it is then transferred to the slope toe, as described in the following section.




3.1.2. Interflow in the Saprolite


The electrical resistivity tomography (see Figure 3) revealed that below what can be interpreted as the soil body, at between 1 m and 6–11 m depth, a highly resistive layer (600–>1000 Ωm) occurred, while resistivities below that layer and down to the bottom of the model section were about 100–400 Ωm. Resistivities in the lower layer fell in the range of resistivities reported in the literature for saprolites in similar geology [86,87,88]. As no change to higher resistivities was detected at the bottom of the profile, it can be assumed that the saprolite was more than 30 m thick, which was confirmed by deep drilling logs sunk in some hundred meters distance by the Ugandan Ministry of Water and Environment. The high resistivities in the upper layer can be explained by a high skeletal content, the Fe2O3 content [89], and the high share of kaolinite clay minerals in this layer [90]. The resistivities encountered in the lower saprolite were an order of magnitude higher than values reported in the literature for saturated saprolitic material [91], and, therefore, no bigger and continuous aquifers seem to be present in the saprolite. During the installation of a water pump, though, a small aquifer was hit at about 27 m depth, which was not resolved by the ERT. Hence, it can be assumed that infiltrating water is conducted to the slope toe via smaller perched aquifers.



Analysis of the interflow dynamics during the year, as well as the event-based measurement, revealed the presence of a delayed, as well as a quick, interflow component. Figure 5 shows the dynamics of interflow from the plot under crop production and semi-natural vegetation in relation to rainfall amount and intensity and mean soil moisture along the slope at 0–20 cm and 20–40 cm depth. Interflow levels remained high over several weeks into the dry season, and the decrease in interflow volumes occurred later than the decrease in soil moisture at the slope, indicating the presence of a delayed interflow component. Interflow volumes increased towards the end of the rainy season and under rainfall conditions, which favor the transmission of rainfall to the saprolite (see Section 3.2), and, thus, the higher water content of the saprolite leads to higher interflow volumes. It can thus be assumed that the small, perched aquifers in the saprolite are connected over the rainy season. The signal of the rainfall conditions during the previous rainy season can still be seen in the following rainy season. In the second rainy season 2016, interflow volumes were still comparable to the previous rainy season, despite the small overall rainfall amount (see Table 2). Hence, transit times can be assumed to be up to several months.



Nitrate concentrations in the interflow were significantly different between the three land-use types during the rainy but also during the dry season, which again stresses the presence of a strong delayed interflow component. Nevertheless, concentrations were lower and more similar between the three land-use types during the dry season (see Figure 5). Hence, it can be assumed that the interflow water of the delayed interflow component mixes over bigger areas.



The event-based measurement (see Table 3) revealed an increase in interflow volumes of 31% at the plot under crop production and 17 % at the plot under semi-natural vegetation directly after the rainfall event. This fits the high interflow volumes measured on 22 April 2017, just some hours after a rainfall event (see Figure 5), and alludes to the presence of a quick interflow component. During the event-based measurement, the nitrate concentration in the interflow increased by 54% at the plot under crop production, while it decreased by 21% at the plot under semi-natural vegetation. As the nitrate content in the soil solution at the plot under crop production was significantly higher than at the plot under semi-natural vegetation, where nitrate contents in the soil solution were close to the detection limit, the infiltrating water at the plot under crop production leached nitrate from the topsoil causing the increase of nitrate in the interflow, while infiltrating water at the plot under semi-natural vegetation had a diluting effect on the nitrate concentration in the interflow. Hence, there is a contribution of event water to the quick interflow component.



Interflow water was found to enter the trenches at the slope toe via macropores, and macropores were further detected in the soil as well as in the upper saprolite. Hence, it is likely that the fast interflow component is related to a network of macropores that extends into the saprolite. Nevertheless, it is not known whether this network is continuous. Macropores can also get connected via nodes [20,21,22], which can be pockets of more permeable material connecting macropores in otherwise less permeable sediments or impermeable structures in a highly conductive material, which cause local saturation and, consequently, activation of macropores. As Ref. [33] assumes a high heterogeneity regarding the degree of weathering and hence the hydraulic attributes of the saprolite, a connection of macropores via nodes is quite likely in this environment.



Nitrate concentrations in the interflow at the plot under semi-natural vegetation were higher than in the soil solution at this land-use type (see Figure 7). This supports the hypothesis of a subsurface catchment, which extends beyond the plot limits so that water with a higher nitrate concentration is mixed with the water infiltrated under semi-natural vegetation.





3.2. Effect of Land Use Type and Rainfall Properties on Hillslope Hydrology and Associated Nitrate Transport


3.2.1. Effect of Rainfall Properties


Nitrate transport from the slope to the wetland is related to source factors, i.e., how much nitrate is available in the soil solution, and transport factors, i.e., how much water is available to leach and transport nitrate from and through the soil and the saprolite. Rainfall properties and distribution strongly influenced both.



Figure 6 depicts the runoff coefficients on the three plots during each rainfall event in relation to rainfall amount and intensity, as well as the mean soil moisture of the topsoil. Figure 7 shows the nitrate dynamics in the soil solution related to soil moisture and rainfall properties. Regarding the source factors, soil moisture conditions were the driving factor for the stimulation or inhibition of the mineralization of organic matter and the subsequent nitrification of ammonium at the plots under crop production and under bare fallow in all four rainy seasons.



Generally, the nitrate content in the soil solution followed the pattern described by the Birch effect (high nitrate contents due to high mineralization rates at the onset of the rains, followed by a steep decline due to leaching and denitrification over the rainy season), see Figure 7. Nevertheless, rainfall properties had an impact on the peculiarity of this pattern. As was the case in the first rainy season 2017, rainfall events of high intensity at the beginning of the rainy season resulted in higher surface runoff coefficients (and hence less infiltration) and thus delayed the rewetting of the soil see Figure 6). This effect was more pronounced at the plot under bare fallow due to higher runoff coefficients than at the plot under crop production. Hence, the mineralization of nitrate was delayed at the plot under bare fallow, while favorable conditions for mineralization but not yet leaching of nitrate caused comparably high nitrate contents in the upper topsoil at the plot under crop production. Intra-season wetting and drying cycles of the soil only stimulated nitrification when favorable moisture conditions were reached over several days (see Figure 7). In the second rainy season 2016, soil moisture was generally too low to stimulate the mineralization of organic material, so soil moisture fluctuations during the season did not increase the nitrate content in the soil solution.



Volumes of the delayed interflow component, as well as the persistence of interflow in the dry season, strongly depended on the amount of water conducted to the saprolite during a rainfall event and over the entire season. Hence, the total rainfall amount during the rainy season, as well as the distribution of rainfall over the season, had the strongest impact on interflow generation. Persistent high volumes of interflow were related to longer periods, i.e., several weeks, of reoccurring rainfall events, as can be seen in the first rainy season 2016 and 2017, and, generally, interflow volumes increased towards the end of the rainy season (see Figure 5).



However, smaller rainfall amounts, as well as an uneven distribution of rainfall over the rainy season, resulted in less interflow and a shorter persistence of flow in the dry season. The second rainy season 2017 was characterized by a bi-modal distribution of rainfall, with two single large rainfall events followed by smaller events. While the total amount of rainfall was equal to the first rainy season 2017, there was significantly less interflow (see Table 4), and interflow was not as persistent into the dry season, as less water was conducted to the saprolite due to high runoff coefficients during the big events (see Figure 5 and Figure 6). Furthermore, in the second rainy season 2017, high nitrate concentrations in the interflow at the plot under crop production persisted into the dry season, and the difference between the nitrate concentrations in the interflow at the plot under crop production and semi-natural vegetation was higher than during the other seasons (see Figure 7). Yet, the seasonal nitrate load was lower than during the other seasons (see Table 4). Hence, less sub-surface mixing of interflow water and, consequently, less dilution of event water took place, which alludes to the fact that sub-surface flow networks did not extend and get connected as effectively in the second rainy season 2017 as during the other seasons.



Interflow volumes increased more slowly at the beginning of the rainy season when the rainfall intensity of the first rainfall events was high and caused a pronounced surface runoff component, as was the case in the first rainy season 2017 (see Figure 5 and Figure 6).



Due to the lack of continuous or event-based measurements, the impact of rainfall characteristics on the quick interflow component and, hence, the activation of preferential flow paths, could not be determined.



Figure 7 relates nitrate transport via the interflow to rainfall characteristics, soil moisture, nitrate availability in the topsoil, and interflow volumes. Nitrate transport via the interflow was most efficient when (a) due to favorable moisture conditions at the beginning of the season, the initial nitrate availability in the soil solution was high, and (b) when the following main rainy season was characterized by equally distributed rainfall events. This becomes evident in the first rainy season 2016 and 2017. Under these conditions, nitrate is easily leached from the soil and transported to the slope toe in the saprolite, where high moisture conditions allow the hydrological connectivity of perched aquifers. At the same time, single events of high magnitude can cause substantial leaching from the entire soil profile and stimulate nitrate transport to the slope toe via interflow (e.g., single events in April, September, and November 2017). The comparably small and sporadic rainfall events in the second rainy season 2016 were not sufficient to leach nitrate from the soil body and activate lateral nitrate transport in the saprolite. Table 4 shows the cumulative water and nitrate inputs by the interflow to the wetland fringe at the plot under semi-natural vegetation and under crop production. It has to be considered, though, that the numbers presented here mainly comprise the delayed component of interflow, as no continuous measurements could be conducted. Thus, actual interflow volumes and nitrate loads can be assumed to be higher, as the event-based measurement described above proves the existence of a pronounced quick interflow component.




3.2.2. Effect of the Land-Use Type


Under the present geological conditions, where interflow is conducted within the saprolite and not close to the soil surface, less water is transmitted to the wetland from a slope under semi-natural vegetation than under crop production, as the high evapotranspiration outweighs the effect of higher infiltration rates.



Due to the dense plant cover, runoff coefficients on the plot under semi-natural vegetation were significantly lower (and hence infiltration of rainfall into the soil was higher) than at the plots under crop production and bare fallow (see Figure 6). Furthermore, the infiltration rate at the soil surface [82] and Kfs of the B-horizon were higher than under the other two land-use types (see Table 1). Nevertheless, higher infiltration rates did not lead to higher degrees of saturation at depth, as the soil moisture content at 40 cm depth was lower under semi-natural vegetation compared with the other two land use types (see Figure 7). Moreover, interflow volumes under semi-natural vegetation were lower than under crop production throughout the study period, and interflow volumes decreased faster at the beginning of the dry season (see Figure 5). The increase in interflow during the event-based measurement was smaller (see Table 3) than under crop production, so the presence of a pronounced fast interflow component under semi-natural vegetation is not expected.



Source and transport factors for nitrate transport from the slope to the wetland are strongly influenced by the land-use type. Overall, the nitrate content in the soil solution, as well as the seasonal cumulative bio-available nitrate, were significantly lower at the plot under semi-natural vegetation than at the plots under crop production and bare fallow and close to the detection limit throughout the experiment (see Figure 7). The analysis of the nitrate dynamics during the single seasons reveals that under crop production and bare fallow, mineralization, leaching, and denitrification dominated at different times at each plot during each season [82]. Hence, nitrate availability in the soil solution was different between these two land-use types in the course of each rainy season, depending on the prevailing rainfall characteristics and the resulting soil moisture conditions.



The influence of the land-use type on nitrate accumulation in the soil solution and nitrate losses from the topsoil on the slopes also depends on the rainfall amount and pattern during the rainy season. Figure 8 shows the cumulative potentially bio-available amount of nitrate in the upper and lower topsoil under the three different land-use types. At the plot under crop production and under bare fallow, soil moisture conditions also affected the total amount of potentially bio-available nitrate in the four rainy seasons. The effect was statistically significant in the second rainy season 2017, when high runoff coefficients on the plot under bare fallow prevented nitrate leaching from the soil, while higher infiltration under crop production caused substantial nitrate losses.



The nitrate load, as well as the nitrate concentrations in the interflow, were significantly lower and less variable at the plot under semi-natural vegetation than at the plot under crop production due to the limited availability of leachable nitrate in the soil solution (see Figure 7). The data in Table 4 show that the input from the plot under crop production was about four times higher than the input from the plot under semi-natural vegetation in the second rainy season 2016 and the first rainy season 2017. In the second rainy season 2017, there was less input from both plots, but the difference between the two land-use types was even higher, as there were seven times as much nitrate input from the plot under crop production. As described above, there was less mixing of sub-surface waters in this season, and, hence, the signal of the heavy rainfalls was transmitted more directly, leading to a dilution of nitrate in the interflow under semi-natural vegetation while causing intense leaching and, thus high nitrate concentrations and loads in the subsurface runoff under crop production.



Overall, the effect of a dense vegetation cover on source and transport factors superimposed that of variable climatic conditions.





3.3. Water and Nutrient Availability at the Wetland Fringe


3.3.1. Hydrological Connectivity to the Wetland


In the wetland, a shallow aquifer in the wetland soils is separated from an aquifer in the valley sediments, as shown by the geo-electrical measurements, as well as by drilling logs. The extent of low resistivities (10–100 Ωm) below 1 m depth in the ERT profile (see Figure 9) corresponds well to the observed extent of the wetland in the field. The higher resistivities (180–500 Ωm) in the upper 100 cm of this profile section, though, allude to a separation of the shallow aquifer in the wetland soils and the aquifer in the wetland sediments. Drilling logs at the wetland fringe further revealed the presence of a clay loam layer about 110 cm depth (see Appendix B). This layer probably acts as a hydrological barrier separating the two aquifers.



The interflow water from the slopes contributes to both aquifers as a consequence of the geology at the transition from the upland to the wetland.



Drilling logs revealed that interflow from the saprolite impounded on a layer of horizontally layered muscovite about 180 cm deep at the slope toe, of which the upper boundary is weathered to a dark reddish clay loam (see Figure 10). The saprolitic material above this layer is covered by a colluvial sandy loam layer, both of which show redoximorphic features as the impounded interflow water welled up into these layers. The colluvial sand layer was found to continue into the wetland on top of the clay loam layer, which separates the two aquifers in the wetland. The muscovite layer, on the other hand, meets the valley sediments below the clay loam layer. Hence interflow from the slopes contributes to both aquifers (see Figure 11).



In addition to that, infiltrating surface runoff partially feeds into the interflow component at the slope toe. This can be deducted from the moderately positive correlation (Spearman correlation coefficient rho = 0.5) of surface runoff and interflow volumes, as well as of the nitrate load in the interflow and in the surface runoff at the plot under crop production, where nitrate losses via surface runoff were high.




3.3.2. Water and Nutrient Delivery to the Wetland Fringe


Water availability at the wetland fringe is not solely driven by (sub-)surface flow from the slopes. Figure 12 depicts interflow volumes and nitrate loads at the plot under crop production in relation to soil moisture content and nitrate content in the soil solution at the corresponding measurement points at the wetland fringe. Graphical analysis of the time series revealed that high and low interflow volumes did not frequently coincide with respectively high or low soil moisture levels at the wetland fringe. Hence, other sources must have contributed to the water availability at the wetland fringe as well. Correlation analysis revealed no correlation between the soil moisture and water inputs by surface runoff or runoff coefficients. The moderate correlation between interflow volumes and soil moisture at the wetland fringe of rho = 0.7, on the other hand, confirms that interflow contributes to the soil water (and hence the available plant water) at the wetland fringe. Nevertheless, it has to be considered that the soil moisture status at this slope position was at or near saturation throughout the year, so the additional water inputs did not necessarily change the soil moisture status.



Nitrate in the soil solution at the wetland fringe is derived from inputs via inflowing water and not from in-situ mineralization. Correlation analysis revealed a positive correlation of rho = 0.6 between the nitrate content in the soil solution and soil moisture at the wetland fringe, even if soil moisture conditions were mostly too wet to stimulate nitrification. The graphical analysis of the time series showed that higher inputs from the interflow frequently coincided with higher nitrate contents in the soil solution at the wetland fringe (see Figure 12). Nevertheless, the overall correlation between the nitrate input via the interflow and the nitrate content in the soil solution was not significant (rho < 0.3). The low correlation of the nitrate content in the soil solution at the wetland fringe to rainfall amount and intensity (rho < 0.2) further suggests that the quick interflow component, which was not captured by this study, does not significantly drive the nitrate dynamics at the wetland fringe, as high inputs would be expected during intensive rainfall events. Regarding the contribution of the surface runoff, a weak correlation of rho = 0.4 between the nitrate input via surface runoff and the nitrate content in the soil solution at the wetland fringe was detected. Hence, while interflow and surface runoff from the adjacent slope contribute to the nitrate availability, nitrate inputs from other water sources need to be considered as well.



While there is a considerable input of nitrate by interflow and surface runoff from the slope, nitrate is lost quickly from the soil-plant system at the wetland fringe.



The mean seasonal nitrate-N input from the plot under crop production to the wetland fringe was found to be about 30 kg NO3-N/ha, of which 12 kg/ha were delivered by the surface runoff and 17 kg/ha by the interflow. The actual nitrate input from the slopes will exceed this value, as the quick interflow component was not captured in this study, and also, the constructional design of the interflow collection trenches at the slope toe did not allow the capture of the interflow from the entire soil profile. Hence, nitrate inputs from the adjacent slope were equivalent to at least half the seasonal N uptake of rice plants, as Ref. [93] found the seasonal N-uptake of rice plants on unfertilized plots at the wetland fringe of the same wetland to be around 70 kg N/ha. Nevertheless, the nitrate content in the soil solution at the wetland fringe was constantly very low (with a mean value of 0.3 kg NO3-N/ha) and significantly lower than at the upland positions. The same is true for the seasonal, potentially bio-available nitrate captured by the resin capsules (see Figure 13). As the ion exchange resins are regarded to be as strong a competitor for nutrients as plant roots are, it can, hence, be assumed that nitrate inputs from the slope are lost quickly from the soil-plant system at the wetland fringe due to denitrification and leaching under the constantly high soil moisture conditions.






4. Discussion


4.1. Hillslope Hydrology and Connectivity to the Wetland


The nitrate inputs from the slope to the wetland fringe, as found in this study, are comparable to those reported from studies in western Africa, even if a direct comparison is difficult due to the different methodological approaches of the studies. Ref. [13], for example, found seasonal nitrate inputs of 32 kg NO3-N/ha from slopes under crop production in an inland valley in Ghana, and Ref. [94] reported inputs of 47 kg NO3-N/ha from slopes under bare fallow and 39 kg NO3-N/ha from slopes under crop production (Cajanus cajan) in an inland valley in Côte d’Ivoire. The characteristic interflow processes, though, differ from those encountered in western Africa. While the presence of an impermeable petro-plinthic horizon, or “curasse”, as frequently found in western Africa, favors interflow generation and routing close to the surface, the higher hydraulic conductivity and the undulating subsurface topography of the upper saprolite in this study caused the transfer of infiltrating rainwater to the deeper saprolite via the “fill-and-drain” mechanism. As a consequence, transit times in the dynamic network of subsurface flow paths within the saprolite are longer, and, other than in the studies from western Africa, no seasonal pattern of nitrate inputs to the wetland via the interflow could be detected.



Nevertheless, further research is needed to prove the hypotheses related to interflow processes and water and nutrient inputs to the wetland fringe in the Namulonge wetland. To prove and further elaborate on the concept of the “fill- and-drain” mechanism, continuous measurements of the matrix potential of the soil above the saprolite are needed, which could show the formation of a saturated layer and the consequent breakthrough and drainage of water to the saprolite. Equally, continuous measurements of the interflow and associated nitrate loads would be needed to capture and quantify water and nutrient inputs by the quick component of the interflow, as currently, these values are most likely underestimated, and peaks due to flushing are missed. Continuous measurements would further improve the process of understanding the impact of variable climatic and soil moisture conditions on preferential flow mechanisms. At the same time, there is some uncertainty related to interflow quantities and the calculation of the cumulative interflow volumes due to the setup of the trenches and the choice of a trench study as such. Ref. [68] points out that trenches must be deep enough to capture all the lateral flow and wide enough to spatially capture varying flow pathways. Due to constructional difficulties and monetary limitations, both criteria were probably not fully met in this study. Furthermore, no lateral subsurface boundary, such as a plastic sheet, etc., was installed. Therefore, the subsurface catchment for each trench remains unknown, which adds uncertainty to area-related statements. (Multi-)tracer and irrigation trials could give further insights into the complexity of interflow processes and shed light on the magnitude of internal storage, flow generation thresholds, and large-scale hydraulic characteristics [28].



In her study on the hydrogeological characteristics of the Namulonge wetland, Ref. [33] differentiated three aquifers in the valley bottom: the aquifer in the wetland soils, the aquifer in the valley sediments, and the deep regional aquifer. From her geochemical analysis, she concluded that the aquifer and vadose zone in the wetland soils and locally also the aquifer in the valley sediments were recharged by lateral fluxes from the slopes, which was confirmed by the results of this study. Ref. [33] further found that the aquifers are locally connected so that positive hydraulic heads might lead to water input from the aquifer in the valley sediments into the aquifer in the wetland soils. This hydraulic head of the aquifer in the valley sediments is not only driven by water input from the interflow but also by water input from the deep aquifer, as well as piston flow from the upper catchment. This explains why soil moisture at the wetland fringe is not well-correlated to water inputs by the interflow. Furthermore, not all peaks in the nitrate content in the soil solution could be explained by the present data on nitrate input from the slopes, and high inputs from the slopes did not always cause a positive response in the nitrate content in the soil solution. Therefore, water and nitrate fluxes from the upstream areas of the wetland probably also had an impact on the nutrient dynamics at the measuring points at the wetland fringe. Further research is needed to analyze the contribution of interflow from the slope and from the upstream areas of the wetland to the different aquifers. Nevertheless, the significant difference between the three measuring points in the wetland, and especially between the two measuring points downslope of the plot under crop production, stresses that, at the same time, small-scale spatial variability is extremely high. Therefore, in situ processes related to mineralization, macropore structure, and other factors impacting flow routing have to be considered as well.




4.2. Influence of the Land-Use Type on Hillslope Hydrology and Nitrate Availability


In the literature, opinions on the effect of perennial vegetation on lateral flow processes differ. Some authors state that there is more lateral subsurface runoff and especially preferential flow under perennial vegetation [53,95] or after the re-cultivation with grassy and shrub-like vegetation [54] due to an increased infiltration via macropores from root channels and soil faunal activity. Nevertheless, other authors describe that lateral flow components are less likely to develop under perennial vegetation [55], which corresponds to the results of this study. They refer to the fact that deeper roots and a denser root network of grasses, trees, and shrubs extract larger volumes of water. Hence, the evapotranspiration is higher, leading to drier conditions and, thus, less lateral flow. Using ArcSWAT and SWATgrid, Ref. [34] modeled the impact of different land management options on the water balance components in the Nasirye catchment. Their results partly correspond to the observations made here. For the ArcSwat, lateral flow decreased under the slope conservation scenario in which afforestation with the tropical highland rainforest of the previously cultivated slopes was simulated. For the SWATgrid, on the other hand, the lateral flow was found to increase under slope conservation. Further research, including a refined modeling approach, would be needed to quantify the effect of land use changes in the catchment on water availability in the wetland so that management practices and crop selection in the wetland, as well as in the upland, can be adjusted accordingly.



Regarding the effect of different land-use types on nitrate availability in the soil solution, the findings presented here agree with the literature in many aspects. Several authors reported a very low nitrate content under grasses and shrubs and under early to mid-successional vegetation [96,97,98]. They explained these low values by high nutrient demands due to high rates of photosynthesis, rapid increase in leaf area and biomass, a dense and extensive root system of grass vegetation, and high turnover rates of nitrates. In contrast, faster nutrient release and accompanying nitrate losses are caused by an accelerated turnover of the labile SOM pool due to tillage, incorporation of crop residues, and the removal of primary vegetation at sites under crop production [39,99]. Ref. [52] also found the nitrate content under bare fallow and under crop production to be strongly associated with soil moisture and rainfall incidence during their research on the dynamics of soil nitrate under bare fallow, grassland, and sorghum crops in semi-arid Kenya. Yet, they constantly detected a higher nitrate content at the plots under bare fallow but could not witness significant leaching processes on either of the plots.




4.3. Management Recommendations


Despite the nitrate inputs via interflow from the slope and in the wetland, nitrate availability in the soil solution at the wetland fringe was very low, as nitrate was quickly lost from the soil–plant system due to denitrification, runoff, and leaching. Therefore, agricultural interventions should focus on maintaining the nitrate in the soil-plant system before it enters the anaerobic wetland environment. Under the current cultivation practices in the upland, agricultural interventions should focus on the slope toe, where the cultivation of nitrate-demanding crops could prevent the loss of nitrogen from the soil–plant system. Nevertheless, the selection of crops should consider a rooting depth that allows the plants to stimulate nutrient fluxes from the interflow in the sandy loam layer towards the plant, as there is no accumulation of nitrate in the topsoil. On the other hand, agricultural management practices should aim at minimizing nitrate losses via leaching from the fields in the upland. This could include the cultivation of perennial crops, such as cassava (Manihot esculenta), as the timing of high nitrate demands of seasonal crops might not match with the highest nitrate availability after the onset of the rains. In addition, a shift to agroforestry should be considered as an alternative land management strategy along the slopes. For one, the cultivation of deep rooting plants, which are able to recover nitrate that was leached from the soil and consequently collected in surface depressions of the upper saprolite, would help to keep the nitrate in the soil–plant system. At the same time, the continuous groundcover and the interruption of surface runoff paths by tree stems would increase the infiltration of rainwater and reduce water and nitrate losses via surface runoff and hence increase the water-use efficiency on the slopes. This is supported by the findings of this study related to the effect of semi-natural vegetation on water and nutrient fluxes along the slope. Nevertheless, the implementation of agroforestry systems could be hindered by the current situation of land tenure, as most of the small-scale farmers in the catchment do not own the land they cultivate and might, therefore, not be able or motivated to engage in long-term land management practices [100].




4.4. Transferability


The extrapolation of the results to other parts of the catchment, as well as general conclusions on the effect of different land-use types, are restricted by the limited spatial coverage of the experiments, as only one hillslope was considered in this study. Due to the high heterogeneity of the saprolite and the role this plays in the development of perched waters, as well as for the activation of preferential flow paths and interflow volumes, the situation might actually vary strongly between different sites. Yet, the trouble of capturing the spatial and temporal variability of preferential lateral flow lies at the heart of hillslope hydrology [101,102] and gets aggravated by the fact that preferential flow paths are as such dynamic and evolve over time [20].



Generally, as most parts of the land surface in East Africa are covered by a thick saprolite [32], the Namulonge wetland can be considered a representative site for valley bottom wetlands in an undulating topography. Hence, processes related to hillslope hydrology and water recharge of the wetland aquifers are indicative of other wetlands in the region as well. Nevertheless, as discussed before, hydrogeological properties of the saprolite are finally responsible for interflow processes and the associated translocation of nutrients along the slopes. Therefore, characteristic processes, as well as water quantities, might vary strongly between different sites and cannot be assumed without previous geological exploration of the site in question. The results of this study stress the importance of a thorough understanding of the local hillslope hydrology to include catchment–wetland interactions in wise land management and agricultural decision-making, which is at the base of enhancing food security in the region. Nevertheless, this study also revealed the complexity of subsurface runoff processes in saprolitic environments. Therefore, further research on interflow processes is needed at the slope-scale to fully understand water pathways within the saprolite. Such knowledge could help to improve existing models of the catchment hydrology in valley bottom wetlands and thus yield the basis for scenario analysis regarding climate change and land-use change impacts on water and nutrient translocation from the slopes to the wetland. Nevertheless, the experiments should further be repeated in other valley bottom wetlands in the region, which are characterized by a similar geology. Such an extension would show whether the results are transferable to valley bottom wetlands in East Africa in general and would allow the exploration of common attributes that are indicative of the prevailing interflow processes.





5. Conclusions


This study extended the existing knowledge on the hillslope hydrology of valley bottom wetlands by focusing on a hillslope that is characterized by interflow processes within a deep saprolite. It showed that depending on the local geology at the transition from the upland to valley sediments, interflow in the deeper saprolite can contribute to the shallow aquifer in the wetland soils, as well as to the aquifer in the valley sediments. The case study of the Namulonge wetland revealed that interflow processes in the saprolite and their contribution to aquifers in the valley bottom wetland are the result of a rather complex combination of subsurface topography, heterogeneous weathering of crystalline rocks, and a certain stratigraphy along the slope and at the slope toe. This stresses the importance of a sound (hydro)-geological exploration of the slopes adjacent to valley bottom wetlands when investigating wetland–catchment interactions and when transferring the results to different sites.







Author Contributions


Conceptualization, C.S., B.D. and M.B.; methodology, C.S., B.D. and M.B.; writing—original draft preparation, C.S.; writing—review and editing, C.S., B.D. and M.B.; supervision, B.D. and M.B.; funding acquisition, B.D. and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Federal Ministry of Education and Research (grant number FKZ: 031A250A-H) and the German Federal Ministry for Economic Cooperation and Development under the auspices of GlobE: Wetlands in East Africa project.




Data Availability Statement


Data is contained within the articleand in [82].




Acknowledgments


We would like to thank the Ugandan National Crop Resources Research Institute (NaCRRI) for granting us access to their research facilities and highly appreciate the assistance given by our country coordinator, Michael Ugen, and by our field assistant, Abdul Kawere, and the entire team in Namulonge, as well as our lab staff, Gabriele Kraus, Camilla Kurth, and Angelika Veits. The support from the Episcopal foundation, Cusanuswerk, is highly appreciated.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.





Appendix A


Front view of a micro-trench for interflow collection at the slope toe (a) and setup of the surface runoff plots and runoff collectors at the lower slope position (b).
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Appendix B


Soil profiles of the measuring points at the slope toe position. W0 and W1 were located downslope of the plot under agriculture, while point W2 was located downslope of the plot under bare fallow. The upper panel shows the soil color (as observed qualitatively in the field), the skeletal fraction symbolized by the share of the plot area covered by the black circles and the soil texture (CL = clay loam, L = loam, SL = sandy loam). The lower panel displays the clay content in the different soil layers.
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Figure 1. Topographic map of Uganda and the position of the Namulonge study site. 
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Figure 2. (a) Position of the study area along the hill slope transect (W = wetland, ST = slope toe, LS = lower slope, MS = mid-slope, HT = hilltop) and soil profiles along the catena stretching from the wetland fringe to the hilltop (CL = clay loam, L = loam, SL = sandy loam, SCL = sandy clay loam) ((q) indicates that texture was manually determined in the field and not via laser diffraction in the laboratory). The colors are chosen according to qualitative observations in the field. Triangles mark the position of soil sampling points along the catena. (b) Overview of the experimental setup. 
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Figure 3. Resistivity tomography with topography at a transect stretching from the wetland to the hilltop (500 m profile length), unit electrode spacing 2.5 m. 






Figure 3. Resistivity tomography with topography at a transect stretching from the wetland to the hilltop (500 m profile length), unit electrode spacing 2.5 m.



[image: Hydrology 09 00229 g003]







[image: Hydrology 09 00229 g004 550] 





Figure 4. Schematic representation of the “fill-and-drain” mechanism at the soil–saprolite interface. Rainwater is conducted to the soil–saprolite interface via macropores (A) or via matrix flow (B) in the topsoil and subsoil. Infiltrating water is deflected to the depressions in the saprolite topography as a result of capillary diversion (C). When saturated conditions are reached in the depressions, a complete breakthrough occurs, and water is transmitted to the saprolite (D). 
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Figure 5. Interflow at the plot under crop production and the plot under semi-natural vegetation during the investigation period (second panel), related to daily rainfall and max. 15 min. rainfall intensity (blue and black bars in the first panel) and soil moisture dynamics [% sat] at 0–20 cm and 20–40 cm depth under crop production (third panel) and under semi-natural vegetation (fourth panel). Grey bars indicate the duration of the rainy seasons. Timeline labeling “J A J O” refers to January, April, July, October. 
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Figure 6. Daily rainfall (panel 1) and mean runoff coefficients on the plot under crop production, the plot under semi-natural vegetation, and the plot under bare fallow (panels 2–4, respectively). The dark lines represent the mean soil moisture at the slope under the respective land use type. The black × on top of a runoff bar indicates that the drums overflowed. The first panel depicts precipitation (light blue and blue bars) and rainfall intensity (grey bars). In this panel, the dark blue bars show rainfall amounts on days when surface runoff was generated, while the light blue bars show rainfall amounts when no surface runoff was generated. Timeline labeling “J A J O” refers to January, April, July, October. 
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Figure 7. Interflow volumes from the plots under crop production and semi-natural vegetation, as well as rainfall (first panel). Panels two to four show the nitrate concentration in the interflow [mg NO3-N/L, mean nitrate content in the soil solution along the slope in the upper and lower topsoil [kg NO3-N/ha], and mean soil moisture [% sat.] along the slope in the upper and lower topsoil at the plot under crop production (second panel), the plot under semi-natural vegetation (third panel), and the plot under bare fallow (fourth panel). Timeline labeling “J A J O” refers to January, April, July, October. 
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Figure 8. Seasonal cumulative bio-available nitrate displayed as resin adsorption quantities (RAQ) [μmol/cm2] in the upper (light colors) and lower topsoil (dark colors) at each land-use type (different colors). Values are given for the four rainy seasons in 2016 and 2017. 
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Figure 9. Electrical resistivity tomography with topography (unit electrode spacing 0.7 m) of a transect stretching from the wetland fringe to the mid-slope position at the plot under crop production. 
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Figure 10. Soil profiles of the measuring points at the slope toe on the plots under crop production (P10), semi-natural vegetation (P11), and under bare fallow (P12), showing soil color (as qualitatively observed in the field), texture, and skeletal fraction. The soil texture of the lower four horizons at P10 was analyzed manually in the field (q). CL = clay loam, L = loam, SL = sandy loam. 
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Figure 11. Schematic representation of the geology at the slope toe and the transition to the wetland. The blue area indicates the presence of interflow above the muscovite layer in the saprolite, and the blue arrows mark its connection and, hence, water passage into the shallow aquifer in the wetland soils, as well as to the aquifer in the valley sediments. Colors were chosen according to field observations where possible. Note that the extent of the different layers is not true to scale. The triangle shows the water table in the saprolite. 
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Figure 12. Interflow volumes and associated nitrate load at the plot under crop production (first panel) compared with the nitrate content in the soil solution and the soil moisture dynamics in the upper and lower topsoil of two measurement points in the wetland downslope of the plot under crop production (panels two and three). Timeline labeling “J A J O” refers to January, April, July, October. 
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Figure 13. Seasonal potentially bio-available nitrate as captured by the ion-exchange resins at the wetland fringe and at the upland positions. 
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Table 1. Field saturated conductivity (Kfs), coefficient of variation, and soil properties of the sub-soil and the upper saprolite at the mid-slope position of each plot (point 1: crop production; point 2: semi-natural vegetation; point 3: bare fallow).
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Position

	
Parameter

	
Sample Point

1

	
Sample Point

2

	
Sample Point

3






	
Subsoil

	
Kfs (mean of 3)

	
29 mm/h

	
35 mm/h

	
18 mm/h




	
CV

	
69%

	
38%

	
13%




	
Bulk density

	
1.56 g/cm3

	
1.52 g/cm3

	
1.54 g/cm3




	
texture

	
Clay Loam

	
Loam

	
Clay Loam




	
Upper saprolite

	
Kfs

(mean of 2)

	
31 mm/h

	
70 mm/h

	
113 mm/h




	
CV

	
-

	
87%

	
14%




	
texture

	
Loam

	
Loam

	
Sandy Loam
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Table 2. Rainfall characteristics and main trends in the soil moisture dynamics during the four rainy seasons in 2016 and 2017.
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	Rainy Season
	Rainfall

Total

[mm]
	Rainfall Pattern at the Start of the Season
	Rainfall Pattern during the Main Rainy Season
	Soil Moisture





	2016.1
	256
	Small rainfall events of low intensities
	Constant, low to intermediate intensities
	Constantly high



	2016.2
	214
	Single rainfall events

of intermediate

intensities
	Sporadic, low

intensities
	Repeated wetting and drying



	2017.1
	388
	Efficient rainfall

events of high

intensities
	Constant, intermediate intensity
	Slow increase at the beginning followed by high values during the main rainy season



	2017.2
	387
	Small rainfall events

of low intensities
	Bi-modal with single events of high intensity and high rainfall amounts
	Bi-modal, very high during the second wet period
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Table 3. Observations of hydrological parameters related to a single rain storm on 14 November 2017 (7.2 mm, max. intensity 5.2 mm, antecedent precipitation index [92] 16 mm). Measurements were taken before and one hour after the rainfall event.
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P10 (Crop Production)

	
P11 (Semi-Natural Vegetation)




	
Before Event

	
After Event

	
Before Event

	
After Event






	
Interflow [L/d]

	
375

	
490 (+31%)

	
210

	
245 (+17%)




	
NO3-N concentration in interflow [mg/L]

	
2.8

	
4.3 (+54%)

	
1.4

	
1.1 (−21%)




	
Surface runoff [L/m2]

	
16

	
15




	
Runoff coefficient [%]

	
23

	
1
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Table 4. Seasonal input of water and nitrate to the wetland fringe by the interflow in the four rainy seasons in 2016 and 2017. Values embrace the rainy, as well as the following dry season, to account for the delayed component of the interflow.
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Rainy Season

	

	
P10 (Crop Production)

	
P11 (Semi-Natural Vegetation)




	
Rainfall

[mm]

	
Interflow Input to the Wetland Fringe [L]

	
N Input to the Wetland Fringe

[kg NO3-N/ha]

	
Interflow Input to the Wetland Fringe [L]

	
N Input to the Wetland Fringe

[kg NO3-N/ha]






	
2016.1

	
353

	
-

	
-

	
-

	
-




	
2016.2

	
214

	
57,446

	
17.8

	
19,782

	
4.5




	
2017.1

	
447

	
56,848

	
19.4

	
32,089

	
7.8




	
2017.2

	
395

	
29,387

	
14.3

	
8103

	
2.0
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