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Abstract

:

It has long been recognised that the role of soils is critical to the understanding of the way catchments store and release water. This study aimed to gain an understanding of the hydropedological characteristics and flow dynamics of the soils of three mountain catchment areas. Digital soil maps of the hydropedological characteristics of the catchments were interpreted and a conceptual response of these watersheds to precipitation was formed. This conceptual response was then tested with the use of site-specific precipitation and streamflow data. Furthermore, piezometers were installed in soils classified as the interflow hydropedological soil group as well as the saturated responsive hydropedological soil group and water table depth data for the three catchments were analysed. Climatic data indicated that there is a lag time effect in the quantity of precipitation that falls in the catchment and the corresponding rise in streamflow value. This lag time effect coupled with data obtained from the piezometers show that the various hydropedological soil groups play a pivotal role in the flow dynamics. Of importance is the unique influence of different wetland systems on the streamflow dynamics of the catchments. The drying and wetting cycles of individual wetland systems influenced both the baseflow connectivity and the overland flow during wetter periods. They are the key focus in understanding the connectivity between the hydropedological flow paths and the contribution of soil water to the stream networks of the three catchments.
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1. Introduction


Understanding how catchments store and release water and the resulting ecosystem services they provide is a crucial element in improving the management of these resources [1]. It has long been recognised that the role of soils is critical to these processes. The study of hydropedology as an intertwined branch of soil science and hydrology is used at multiple scales to gain a better understanding of the variability of saturated and unsaturated surface and subsurface environments and how these influence rainfall-runoff processes [2]. Hydropedology has therefore gained popularity in establishing the role of soils in the storage, flow dynamics and connectivity between hillslopes and streams of watersheds [3,4].



Soils are three-dimensional bodies in the landscape with different arrangements of vertical horizons and lateral variability of soil properties [5]. Ref. [6] showed that the quantity and type of soil macropores are variable across short distances, but spatial patterns of preferential flow at the landscape scale are far from being completely random. They instead show a clear pattern comprised of recognizable diagnostic soil horizons, soil materials, and pedons which all display characteristic flow and transport arrangements. Soil water processes can therefore be described in terms of content (volumetric or gravitational), potential (matric, osmotic, and gravitational potentials) and movement (subsurface flows in quantity or in speed). All of these descriptions are variable in time and space, creating multiple differences in the temporal structure of how precipitation moves through a landscape and is then discharged [7].



Despite these variations in soil patterns, the range of specific soil types within a catchment is generally restricted based on location [8]. This distribution of different soil characteristics over a landscape is the key to connecting the pedon scale to the landscape scale [2,9]. These soil patterns are expressed in the different soil forms identified within a catchment area. The periodicity of water movement through a soil causes distinct processes of oxidation and reduction. For example, the vertical and lateral percolation of water through a soil profile can cause the leaching out of iron and manganese, creating a unique set of characteristics that pertain to a particular soil form. In other areas, where there is excess water, soil forms are expressed by an accumulation of organic matter and/or a reduction process within the soil horizons. These specific morphological features in the soil profile are indicators of landscape processes including percolation, lateral flow, and water storage [10]. These different types of flow paths within a catchment area may be isolated or connect the flow paths to a stream network [11]. Thus, the characteristics of a soil profile can be utilised to gain an understanding of hydrological dynamics at landscape scale. A further contributing factor is soil thickness, as this is a key factor in the storage and redistribution of rainfall within the soil profile. It therefore plays an important role in controlling the types of various runoff processes and is often a decisive factor in the processes that generate baseflow as well as overland flow [12].



In mountainous regions, changes within the landscape occur over short distances, and this creates a marked internal (i.e., subsurface) heterogeneity within soils, as well as heterogeneity in the catchment conditions. This makes it difficult to determine the direct measure of how much water is stored within particular areas of the catchment as well as the internal flow dynamics [1]. This is particularly so given the added interrelated influence of climate, geology, topography, and vegetation characteristics on the flow dynamics of these watersheds [3]. The understanding of these processes is important as mountainous headwater catchments provide key water-related services for downstream ecosystems, and the regulation of streamflow by these catchments is highly influenced by their capacity to store and release water [1]. Recent studies have shown that the way in which water is stored and transferred within catchment areas is furthermore a crucial link in generating both base flows and storm flows during precipitation events as well as influences the sediment yield [3,13].



In South Africa, the uKhahlamba-Drakensberg Mountain range is one such area in which the spatial heterogeneity of catchments allows for the study of these various processes over a relatively short distance. Utilising this area, one can gain a deeper understanding of the way in which soil landscape functions control the movement of water in these areas and influence streamflow discharge. This is an initial and important component in understanding how streamflow discharge from these areas impacts the downstream ecosystems.



The aims of this chapter are therefore to gain an understanding of the hydropedological characteristics and flow dynamics of the soils of three mountain catchments within the uKhahlamba-Drakensberg Mountain range. This is achieved through (1) interpreting hydropedological soil maps to conceptualize the hydrological functioning of the catchments in terms of dominant flow paths and storage mechanisms and how these influence the streamflow dynamics and (2) to test the conceptual understanding of the hydropedological character of the catchment areas through a series of site-specific measurements taken within the catchment areas.




2. Materials and Methods


2.1. Study Area


The Cathedral Peak experimental research catchment site forms part of the uKhahlamba-Drakensberg escarpment within the Ezemvelo KZN Wildlife Maloti-Drakensberg Park. The Park is a World Heritage Site and is situated in the northern part of the uKhahlamba-Drakensberg escarpment, KwaZulu-Natal, South Africa. The South African National Environment Observatory Network (SAEON) undertakes the monitoring of the catchment site. There are fifteen research catchments within this site, and these are situated at the head of three isolated Little Berg spurs and are underlain by basaltic lavas, which overlie Clarens Sandstone [14,15]. The catchment areas are mainly covered by mesic grasslands of the uKhahlamba Basalt Grassland vegetation type interspersed with Northern Afrotemperate Forest patches and wetlands [16,17]. The fifteen catchments range in altitude from 1820 m.a.s.l. to 2463 m.a.s.l. Topography varies from relatively flat to very steep (1–39°) with the aspect ranging from north to south facing [18].



Three catchments were selected from the fifteen for this study and are named CP-III, CP-VI, and CP-IX (Figure 1). These catchment areas have similar soil properties, but different historic and current land management practices. General details of the three catchments as well as the climatic hydrologic properties during the study period are provided in Table 1. The study period was from September 2019 to June 2021.




2.2. Climate and Hydrological Monitoring


The Cathedral Peak research catchments fall within the summer rainfall region of South Africa. The mean annual precipitation (MAP) for the area is approximately 1400 mm with a gradient of increasing rain between the south-eastern areas (which receive approximately 1300 mm) to the western areas (receive approximately 1700 mm). CP-III has a MAP of 1564 mm, CP-VI has a MAP of 1340 mm, and CP-IX has a MAP of 1257 mm [15]. Rainfall is measured with tipping bucket rain gauges installed in the mid position of each of the catchments. Half of the rainfall events in the catchments are brought about by localised thunderstorms which fall during the spring and summer months (September to March), with occasional snowfall received during winter (May to August). The clouds forming these thunderstorms come from the west of the catchment areas. Orographic rainfall produced from clouds forming in the east of the catchments also creates longer periods of softer rainfall which can fall for several days [14,15,16,17]. Mean monthly temperatures range from 17.1 °C to 10 °C with frost common in autumn and winter (April to August) [15,17,18,20].



Streamflow monitoring was initiated in the three catchment areas during the late 1940’s and 1950’s [15]. At the outlet of each catchment, a concrete weir and stilling hut with 90-degree V Notches were installed. These V Notches are 45.72 cm deep and are surmounted by 1.82 meter-wide rectangular notches of varying depth. Details of how early measurements were taken, error checked and processed are given in [15]. The water stage-height at each weir is currently monitored using an Orpheus Mini (Ott Hydromet GmbH, Kempten, Germany) at CP-VI weir and a CS451 Stainless steel SDI-12 Pressure Transducers with CR200 loggers at weirs CP-III, CP-VI, and CP-IX [15].



Catchment-specific rainfall and streamflow data were therefore utilised for this study period (September 2019 to June 2021). However, in CP-III and CP-IX accidental fires, weir silting, and equipment problems have led to periods of missing streamflow discharge data. In CP-III there is no streamflow discharge data between February and November 2020, while in CP-IX there is no streamflow discharge data in October 2019 as well as between August and November 2020. These periods of missing data were removed from the database.




2.3. Hydropedology and Soil Mapping


The development of hydropedology studies in South Africa has led to the classification of hydropedological soil types and how these are distributed down a hillslope catena [21]. A digital soil mapping exercise was undertaken for the three catchment areas utilising these hydropedological soil classifications [22]. The procedure used for the digital soil maps (DSMs) is detailed in [19] and is briefly described here. The soils of the three catchment areas were mapped and classified as per the South African classification system [23] and then regrouped into hydropedological soil types, namely shallow recharge soils, deep recharge soils, interflow soils, and saturated responsive soils. The dominant properties of these soils are provided in Table 2.



The ArcSIE (Soil Inference Engine) version 10.2.105 was used to create the DSMs. A rules-based approach was first utilised based on knowledge of the catchments as well as the outcomes of the creation of Digital Terrain Models (DTMs) with the following environmental control variables applied to the rules: wetness index, slope, elevation, and planform curvature. The rules applied were aimed at producing the optimal relationships between soil type and a particular DTM [24,25]. The initial maps created following the rules-based approach were then validated based on the information gained during soil surveys undertaken within each of the catchment areas. The maps were refined according to the validation points taken during these surveys. The final hydropedological soil group maps are displayed in Figure 2. The performance of the ArcSIE interface to create the combined hydropedological maps for each of the catchments was analysed using the Kappa coefficient of agreement. The Kappa coefficient for CP-III is 0.57, for CP-VI is 0.59, and for CP-IX is 0.74, showing that there are some discrepancies between the hydropedological soil maps created and the site-specific soils identified within the catchment areas.




2.4. Dominant Hydropedological Soil Groups of the Catchments


Comparison of the hydropedological soil group maps revealed that each catchment had a different percentage of the various hydropedological soil groups. This is based on the different topographies of the catchments as well as the various soil characteristics of each hydropedological soil group [19]. Table 3 gives an indication of the dominant hydropedological soil groups in CP-III, CP-VI, and CP-IX.



As shown in Table 3, CP-III, CP-VI, and CP-IX are dominated by the recharge deep hydropedological soil group (43.3, 38.8 and 38.4% of the catchment area, respectively), followed by the interflow soil group in CP-III (24.1%) and CP-VI (28.7%), and the recharge shallow group in CP-IX (27.6%). CP-VI has a greater area classified as responsive saturated soils (20.4%) as compared to CP-III (14.3%) and CP-IX (18.1%).



By utilising the hydropedological soil group maps as well as the dominant groups identified in each catchment, a theoretical interpretation of the various flow paths for each catchment was identified and described.




2.5. Piezometer Installations


Piezometers were installed within the three catchments: six piezometers in CP-III, twelve in CP-VI, and nine in CP-IX. The piezometers were installed in clusters of two or three within a location, with this location chosen to represent the upper, mid, and lower portions of the catchments. Furthermore, the position of the piezometers was chosen within wetland and seepage areas of the catchments. In CP-III, all piezometers were, however, installed in the lower sections of the catchment area as a result of a lack of seepage areas within the upper portions of the catchment. This is due to the shallow nature of soils within the upper reaches of this catchment.



Soil profiles were dug using an extension Dutch auger to refusal with signs of a gleyic or gley horizon noted within the profiles. These horizons display gleying and are considered indicators of the redox state of the soil. Gley horizons are recognised by low chroma grey matrix colours which may contain blue or green tints. The gleyic horizon displays low chroma, grey and light-yellow colours, with the morphology of this horizon indicating less reduction and shorter duration of water saturation compared to the gley horizon [21]. A PVC pipe with slits cut around the end of the pipe to a height of 30 cm were then installed into the auger holes. The diameter of the PVC pipe utilised ensured a close fit with the hole. The piezometers were then capped, and measurements taken once a month between January 2019 to June 2021; however, due to a drought within the region, the majority of piezometers only received water in September 2019 and thus this was chosen as the start point for comparison of water levels.



As a result of the drought conditions, some of the piezometers had to be discontinued, and thus water was sampled and water heights were recorded each month in five piezometers in CP-III, seven piezometers in CP-VI, and seven piezometers in CP-IX (Figure 2). The height of the water within the piezometer was calculated from the surface of the soil to the depth of the water table.





3. Results and Discussion


3.1. Conceptual Response Based on Hydropedological Interpretations


From the hydropedological soil maps created for each catchment coupled with the descriptions of these dominant soil groups, the principal hillslopes and flow paths could be conceptually described. These conceptual descriptions were used as a working hypothesis of the catchments’ function. The conceptual descriptions are then evaluated against site-specific measurements.



When precipitation falls in the upper reaches of the three catchment areas, it will enter the hydropedological recharge soil group. The dominant flow direction in recharge soils is the vertical flow of water through and out of the profile into the underlying bedrock. In the three catchment areas, this hydropedological soil group is separated into the recharge shallow soils and the recharge deep soils. Recharge shallow soils occur in the steeper areas of the catchments, and this forms their shallow nature (<500 mm). In this soil group, the freely drained B horizon merges with fractured rock or a lithic horizon. The recharge deep soils are similar to the recharge shallow soils, but the thickness of the profile is far greater (>500 mm). This is largely due to their position within gentler topographical areas of the catchments. Water that moves through these soils would recharge the deeper aquifers associated with the catchment areas, or if it encounters less permeable rock such as non-weathered and compacted sandstone or basaltic outcrops; it will flow laterally, and recharge shallow aquifers associated with seasonal hillslope seepage areas.



Interflow soils located downgradient of the recharge soils are associated with two dominant flow paths. Precipitation would first flow vertically through the free-draining upper profile of these soils before it encounters relatively impermeable bedrock. Hydromorphic properties have developed at this point in the soil profile, signifying periodic saturation associated with a water table. At this soil, bedrock interface water will move laterally into the stream network or downgradient.



The responsive saturated soils are located in the permanently saturated wetlands of the catchment areas. These soils show morphological evidence of long periods of saturation such as a gleyed matrix as well as mottling. They are close to saturation, particularly during the wet season, and once saturated and incapable of attenuating any more water they will generate overland flow to the stream network.




3.2. Precipitation and Streamflow Dynamics


Precipitation data for CP-III, CP-VI, and CP-IX during the study period September 2019 to June 2021 showed that precipitation largely falls within the spring–summer months (September to March) with little to no rain within the autumn and winter months (April to August) (Figure 3). There is a decline in annual rainfall from CP-III to CP-VI to CP-IX. Furthermore, a greater quantity of precipitation was recorded in all three catchments for the spring–summer season of 2020–2021 (CP-III = 1492 mm, CP-VI = 1307 mm and CP-IX = 1045 mm) as compared to the same season within the preceding year (2019–2020) as a result of the drought conditions experienced in 2019 (CP-III = 1150 mm, CP-VI = 842 mm, and CP-IX = 771 mm).



Streamflow discharge values, like the precipitation values, were highest during the spring–summer months, and lowest during the autumn–winter months. Streamflow discharge for the study period also varied between catchment areas, with the greatest values obtained in CP-VI (ranged from 0.0 mm to 18.89 mm), followed by CP-III (ranged from 0.2 mm to 13.39 mm) and CP-IX (ranged from 0.0 mm to 11.81 mm).



The correlation between rainfall and streamflow values is non-linear, particularly during the drier period associated with the drought conditions in 2019 as well as the seasonal variations in the quantity of rainfall received. This is due to a lag time effect in the quantity of precipitation that falls in the catchment and the corresponding rise in streamflow value that is noticeable when comparing daily precipitation and daily streamflow discharge values within all three catchment areas over the study period. As shown in Figure 3, a lag time effect occurs in all three catchments from when a rainfall event occurs to when there is a corresponding increase in streamflow discharge. This lag time differs depending on the pre-rainfall event hydrological conditions of the catchment. For example, following the end of the drought conditions experienced in the catchment areas in 2019, the first large rainfall event took place between 06/02/2020 and 11/02/2020 in which 153.67 mm fell into the CP-VI. Given the largely desiccated conditions of the soils within CP-VI at the time, there is little effect of this rainfall event on the streamflow discharge values during the same time period (streamflow discharge has a combined value of 15.34 mm over the 5 days). No corresponding increase in streamflow discharge takes place during the time of the rainfall event as well as within the following month after the rainfall event. When a similar rainfall event took place in CP-VI but during the wetter season from 01/01/2021 to 06/01/2021, in which 138.94 mm of rain fell, there was a corresponding increase in streamflow discharge approximately 1 month after the event from 29/01/2021 to 04/02/2021 (streamflow discharge has a combined value of 65.34 mm for the time period).



In CP-IX, a similar trend was noticed. Just after the drought of 2019, the same larger rainfall event between 06/02/2020 and 11/02/2020 in which 139.45 mm fell had little effect on the streamflow discharge both at the time of the event and within the following month after the event. Again, the desiccated soils were becoming saturated before they could contribute to the streamflow. During the same rainfall event as in CP-VI, which occurred between 01/01/2021 to 06/01/2021 in which 136.91 mm of rain fell, there was a corresponding increase in the streamflow discharge approximately one month after the event where the streamflow discharge had a combined value of 45.43 mm for the time period from 29/01/2021 to 04/02/2021. Given the wetter time in which the storm event occurred, the soils in the catchment were already partially saturated, thus storm events which occurred during this time could lead to oversaturation of the wetlands and the subsequent creation of overland and shallow subsurface flow which contributed to the increase in streamflow discharge values.



Given the limited streamflow data available for CP-III, obtaining correlation examples between rainfall and streamflow discharge were not possible. However, a similar trend was noted in comparison to CP-VI and CP-IX, particularly in the time after the drought period. Following the drought period, a rainfall event occurred between 03/12/2019 and 06/12/2019 in which 69.08 mm of rain fell. Little effect on the streamflow discharge was observed during the event as well as within the following month after the event. The wetlands in this catchment were, as in CP-VI and CP-IX, becoming saturated again. However, unlike CP-VI and CP-IX, once the wetlands were saturated, the corresponding rise in streamflow discharge values following a rainfall event responded at a much quicker rate. For example, a rainfall event takes place from 28/12/2020 to 15/01/2021. There is an immediate increase in streamflow discharge values both during the event and in the following days after the event, with the streamflow values peaking (13.39 mm) on the 29/01/2021 following a 60.45 mm rainfall event the preceding day.



So, while the hydrological preconditions of the soil groups in all three catchments play a pivotal role in the storage and runoff dynamics of the catchment areas, in CP-III there is a far more immediate response in streamflow discharge following a rainfall event. This could be attributed to the topography of the catchment, the streamflow network or the shallower soils within this catchment, which have largely been created as a result of erosion brought about by the use of the catchment as a Pinus patula plantation.




3.3. Piezometer Data and Flow Paths


The water table height within the areas where piezometers were installed varied throughout the study period and was dependent on the depth of the soil profile, the location of the piezometer within the catchment (i.e., the topographical position) as well as seasonal climatic variations. Average depths to the water table showed that, following the end of the drought conditions, the saturated responsive soils became saturated and remained so throughout the study period, while the depth to the water table within the interflow soil group showed greater variation in all three catchment areas. The three catchment areas are explained in more detail in the following sections.



3.3.1. CP-III


In CP-III, the average depth to the water table for the saturated responsive soil group decreased from 530 mm following the end of the drought in September 2019 to 70 mm in November 2019 and remained between 30 mm and 150 mm for the rest of the study period depending on the seasonal variations in the rainfall received. In comparison, the average depth to the water table for the interflow soil group remained at a depth of 1200 mm until January 2020 where it decreased to 768 mm and then increased again to over 1000 mm during the drier period of 2020 (March to September). Following the onset of the spring rains in October 2020, the average depth to the water table decreased to 900 mm where it fluctuated throughout the wetter summer period (between 800 mm and 1100 mm) depending on the rainfall received. With the onset of the drier autumn to winter period from April 2021, the depth to the water table increased again (1100 mm to 1200 mm) (Figure 4).



Individual piezometers followed a similar pattern to the average depth to the water table with the piezometers located in the saturated responsive soil group becoming saturated in December 2019 and remaining at or near saturation for the entire study period, depending on the seasonal rainfall received. This saturation level showed that when rainfall was received in the catchment, the wetland systems became oversaturated and contributed more to overland and shallow subsurface flow toward the stream network (Figure 4). With regards to the piezometers installed in the interflow soil group, C3-2 and C3-3 (average water depth is 1051 mm and 985 mm, respectively), which were situated higher in the catchment, received more water compared to C3-1 (average water depth of 1241 mm). C3-1 is situated in close proximity to the stream network. All three piezometer locations are associated with deep water table depths, and this could be attributed to this location contributing more to the baseflows of the stream discharge values and not to overland flow. The more water in C3-2 (average depth of 1051 mm) and C3-3 (average depth of 985 mm) compared to C3-1 (average depth of 1241 mm) shows a down gradient flow path from the upslope recharge soil group through the interflow soils where the piezometers are located, and then laterally into the stream network.



Given the quicker rate at which the streamflow discharge values responded to rainfall events, particularly once the wetland systems were saturated, and taking into account the deep-water table depths of the interflow soils as well as the small size of the wetland systems in which the saturated responsive soil piezometers were located, it is apparent that infiltration of precipitation does not occur on the recharge soils during larger rainfall events but that rather overland or shallow subsurface flow occurs and water reaches the streamflow network at a much quicker rate. This is most likely a result of erosion, particularly from the upper reaches of the catchment, and the resultant shallow nature of these recharge soils and therefore the reduced recharge properties that these soil profiles display. Figure 5 shows a diagram of these flow paths during both the drier and wetter seasons.




3.3.2. CP-VI


In this catchment, the average depth to the water table within the piezometers installed in the saturated responsive soils decreased from 720 mm in December 2019 following the onset of rains after the drought period and fluctuated between 200 mm and 18 mm for the remainder of the study period. The average depth to the water table for the interflow soil group fluctuated between 700 mm (December 2019) and 287 mm (December 2020). The average depth to the water table for the interflow soil group furthermore fluctuated depending on the rainfall conditions, with an increase in the depth during the drier autumn to winter months and a decrease in depth in the wetter spring to summer months (Figure 6).



As can be seen in Figure 6, each piezometer had a varied fluctuation in the depth to the water table, with some piezometers remaining more saturated compared to others. In the saturated responsive soil group, the C6-7 piezometer remained more saturated compared to the remaining piezometers in this group, particularly during the drought conditions. The C6-3, C6-9, and C6-10 piezometers which are situated higher in the catchment compared to the C6-7 piezometer became far drier during the drought conditions. With the onset of rains and the end of the drought period, these piezometers became saturated and then fluctuated slightly depending on the seasons and associated rainfall conditions. Once saturated, during rainfall events, the wetlands in which the piezometers were located would become oversaturated and contribute to overland and shallow subsurface flow (Figure 7).



Individual piezometers in the interflow soil group also responded differently. Saturation content of the piezometers decreased from C6-8 to C6-6 to C6-11, with the C6-8 piezometer consistently more saturated than the C6-6 and C6-11 piezometers. This piezometer was situated in close proximity but outside of the permanently saturated areas of the C6-7 piezometer. The C6-6 piezometer was furthermore located on the edge of the same wetland system. The C6-11 piezometer was located at the lower end of the catchment, adjacent to the weir and remained drier throughout the study period in comparison to the other interflow piezometers.



These saturation levels of the piezometers show that the interflow soils largely contribute to the baseflow of the streams following a downgradient movement of water from the higher reaches of the catchment before moving laterally into the stream network (Figure 7). During the drought, the wetland system located where the piezometers C6-6, C6-7, and C6-8 (average depth to water table from September 2019 to February 2020 was 436 mm) were installed attenuated more water compared to other wetland systems (average depth to water table from September 2019 to February 2020 was 682 mm) within the catchment. Water moved downgradient from the upper reaches of the catchment and was attenuated within this wetland before moving further downgradient toward the outlet of the catchment area. This movement of water within the drier phase of the study period contributed to the baseflow of the stream network. Once the rains began, the wetland in which the C6-6, C6-7, and C6-8 piezometers were installed became wetter (average depth to water table increased to between 50 mm and 270 mm in January 2020) at a quicker rate than other wetlands within the catchment and started contributing to overland and shallow subsurface flow. The wetlands in which C6-3, C6-9, and C6-10 piezometers were installed became saturated in January/February 2020 (average depth to the water table increased to between 10 mm and 210 mm in February 2020) and then contributed to overland and shallow subsurface flow (Figure 7).




3.3.3. CP-IX


In CP-IX, the average depth to the water table for the saturated responsive soil group decreased from 487 mm to 102 mm following the onset of the rains by January 2020. The average depth to the water table then remained between 200 mm and 75 mm depending on the seasonal variation of rainfall received. The average depth to the water table for the piezometers installed in the interflow soil group also decreased following the onset of rains from 1000 mm in September 2019 to 326 mm in January 2020. The fluctuation of the average depth to the water table then also followed the seasonal variation in the rainfall received, but this variation was more pronounced in comparison to the saturated responsive soil group (depths ranged from 636 mm at the start of spring in October 2020 to 211 mm in February 2021) (Figure 8).



The depth to the water table was different in the individual piezometers. In the saturated responsive soil group, C9-3 remained more saturated even during the drought conditions compared to the other piezometers (water table depth remained at 10 mm until January 2020), followed by C9-4 (water table depth fluctuated between 400 mm and 75 mm until January 2020). C9-5 and C9-9 dried out in comparison and became saturated again in January 2020 with a decrease in water table depth from 750 mm to 140 mm in C9-5 and a decrease from 630 mm to 185 mm in C9-9 (Figure 8).



Piezometers located in the interflow soil group had a greater depth to the water table during the drought conditions, with this depth decreasing following the onset of rains until they reached a peak depth in January and February 2020. The C9-1 and C9-2 piezometers (average water table depth of 330 mm and 460 mm, respectively) which are situated higher up in the catchment remained more saturated compared to C9-6 (average water table depth of 797 mm) which is situated mid catchment.



As was the case in CP-III and CP-VI, the interflow soils contribute more to the lateral flow of water in the sub-horizons of the soil profile (average water table depth ranges from 1000 mm) and the base flow of the streams within the catchment. The saturated responsive soils, which become saturated and remain so, contribute both to the baseflow of the streams and storm flow in the form of overland and shallow subsurface flow once they become saturated. Figure 9 shows a diagram of these flow paths during both the drier and wetter seasons.





3.4. Catchment-Specific Attributes Affecting the Hydropedological Flow Paths


Data obtained from the climatic and hydrologic variables (rainfall and streamflow discharge) as well as the piezometers shows that water moves through the soils of the catchment areas before contributing to the streamflow. The various hydropedological soil groups which affect the flow rates of water before it contributes to streamflow therefore play a pivotal role in the flow dynamics of the catchment areas.



These hydropedological soil groups were mapped following a digital soil mapping process, and while this allowed us to gain a general understanding of the dominant flow paths of these catchment areas, the more detailed investigation of the climatic, hydrologic and water table depth fluctuations have shown that the hydropedological characteristics of the catchment areas are both specific to the catchment and created as a result of various interrelated factors.



The various interactions between the flow dynamics of the hydropedological soil groups of an area and how they become disconnected and reconnected to each other during drying and wetting cycles is unique to the various landscapes in which the flow paths are situated. A number of studies have been conducted in a variety of landscapes [10,26,27]. However, studies conducted in mountainous landscapes highlight the effect of the lower reaches of catchment areas continuously receiving water from the steeper surrounding hillslopes and these flow dynamics contributing to the baseflow of streams. During the wetter periods, the connectivity between the various hydropedological soil groups becomes more established and this allows for the generation of greater overland and shallow subsurface fluxes of water, particularly during larger rainfall events. These flows contribute to peaks within the streamflow hydrographs during storm events [4,28,29].



The connectivity between the hydropedological soil groups is furthermore influenced by the topography of the mountain catchments. In CP-VI for example, the wetland in which the C6-6, C6-7, and C6-8 piezometers were installed and that remained more saturated when compared to other wetland systems in the catchment is situated in an area with a gentler slope as well as a concave landform. Various studies have shown similar findings with catchment areas that have gentler terrain resulting in poorer drainage conditions and therefore the storage of higher volumes of water. Areas with steeper terrain increase the hydraulic gradients of the soils thus increasing the flow between the different hydropedological soil groups and reducing the storage capacity of these soils [1,29]. This influence of topography on the flow dynamics should be studied further within these research catchments.



A further effect on the hydropedological characteristics of the catchment areas is both the historic and current land management practices. The hydropedological dynamics of a site in a certain time is not the result of present processes and events but is related to and strongly influenced by the land use management history as well as the natural plant succession patterns [30].



In CP-III, the historic use of the area as a Pinus patula plantation and the subsequent lack of rehabilitation has led to a decrease in basal cover and erosion, particularly in the upper reaches of this catchment. This erosion has created shallower soils and therefore reduced the storage capacity and infiltration rates of the recharge hydropedological soil group. This reduced infiltration capacity has likely changed the flow dynamics of the catchment compared to what would have been historically present, and this is evident in the quicker response of the streamflow discharge values following a rainfall event during the wetter periods of this study. The impact of erosion on the hydropedological characteristics of a catchment area has been highlighted in other studies, with [31] identifying that soils with a degraded structure tend to have increased bulk density and consequently a decrease in soil porosity. This impacts the water movement in the soil profile, having knock-on effects at the landscape scale. Ref. [12] showed that rainfall infiltration into shallower soils will reach the bedrock interface quickly and flow along this interface as preferential flow. The slope runoff from these areas will therefore appear to occur as subsurface stormflow (i.e., similar to overland flow) but occurring at the shallow soil/bedrock interface. In areas of thicker soil profiles, as is the case in CP-VI and CP-IX, rainfall infiltration into the deeper recharge soils will supply the stream network largely as shallow groundwater and contribute more to the baseflow.



The erosion of the upper reaches has also led to deeper deposition areas within the lower reaches of CP-III. It is within these deposition areas that the interflow soil group piezometers were installed. When comparing the depth to the water table in all interflow soil group piezometers from the three catchment areas, CP-III has the deepest water table depths. This is due to the burying of the original soil profile by sediment which has been eroded from the top of the catchment; this has implications for the flow dynamics of this area of the catchment. Refs. [32,33] showed that in areas of deposition, soil particles have been mixed, causing changes in the pore structure of the soil matrix resulting in pore clogging and the reduction in the soil hydraulic capabilities. Thus, in these areas of CP-III, there is likely to be a slow reconnection of the subsurface flow paths following dry periods and these flow paths reconnecting to the stream network. This is demonstrated by the fact that the interflow soil group piezometers located in the depositional areas did not have a substantial increase in water table depth throughout the study period in comparison to the interflow soil group piezometers in CP-VI and CP-IX. They are thus likely to contribute slowly to the baseflow of the stream network and not to the stormflow peaks of the hydrograph of this catchment even following large rainfall events.



CP-VI is managed as a mesic grassland interspersed with wetland systems, while the fire exclusion since 1952 in CP-IX has led to this catchment becoming a woody dominated area. When comparing CP-VI and CP-IX, fluctuations in the average water table depths of the saturated responsive soil groups show that in both catchments the wetland areas dried out to an extent during the drought period, and these became re-saturated in January/February 2020 and then remained saturated throughout the study period. The wetlands in both catchments contributed to shallow sub-surface flow and at times overland flow depending on rainfall conditions. The average water table depth of the interflow soil group also followed similar patterns when comparing the two catchment areas. The effect of plant cover on the hydropedological characteristics of catchment areas has been reported in different environmental settings [11,30,34,35,36], with these studies showing that woody cover areas have greater infiltration rates compared to pasture areas and that tree canopies can reduce the interception of rainfall within catchment areas, influencing infiltration rates within soils [36]. These studies were conducted in commercial plantations, fallow pastures, and old wood forests. The results of this study suggest that the flow dynamics of each catchment area are not a product of land cover but a factor of a combination of interrelated components.



The pivotal role that the wetland systems play in the streamflow dynamics of the catchment areas has been highlighted in this study. The drying and wetting cycles of individual wetland systems as well as specific saturation zones of these wetlands influenced both the baseflow connectivity and the overland flow during wetter periods. Ref. [37] identified similar findings utilising remote sensing techniques to show how a wetland system has different internal saturation compartments and how these both differ in saturation content depending on the climatic conditions and in providing lateral flow and overland flow to downgradient environments. Ref. [29] furthermore utilised isotopes to show that baseflow within the stream network consists predominantly of pre-event water (or dryer cycles) with larger rainfall events (particularly during the wetter cycles) displacing this water within the wetland systems and moving it as overland flow to the stream networks. The contribution of wetland systems to the stream network is therefore a heterogeneous and complex interaction of the soil physical properties, the climatic conditions, and the land management of an area. This has an impact on areas within the catchments classified as saturated responsive soils as these areas do not always contribute to overland flow, but rather the timing of their contribution to both baseflow and overland flow is specific to the wetland system, its location within the catchment, and climatic variables. Future isotopic studies within the Cathedral Peak research catchments are recommended to help gain a deeper understanding of flow dynamics from the wetland systems to the stream networks.





4. Conclusions


This study has highlighted the effects of climate, hydrologic conditions, land management and soil properties on the hydropedological characteristics of three montane catchment areas. The results suggest that a number of factors which are interrelated play a key role in determining the flow paths and the connection between flow paths in these areas. These factors are dominated by antecedent soil moisture, rainfall intensity, the duration of dry and wet periods as well as the depth of soil profiles.



The conceptual interpretation of the hydropedological flow paths of each catchment area following the creation of the digital soil maps provided a general understanding of the flow paths and storage areas of these watersheds. However, utilising catchment-specific climate and streamflow data coupled with water table depth measurements as well as an understanding of how historic and current land management practices have influenced the soil properties, we were able to gain a more accurate interpretation of the response of each hydropedological soil group following a rainfall event. The dominant role of wetland systems and how these have drying and wetting cycles (the average water table depth ranged from 520 mm to 20 mm in CP-III, from 720 mm to 28 mm in CP-VI and from 487 mm to 51 mm in CP-IX) are the key focus in understanding the connectivity between the hydropedological flow paths and the contribution of soil water to the stream networks of the three catchments.



Given the importance of small mountain watersheds in maintaining water supplies to downgradient systems, the understanding of how streamflow is generated and maintained in these headwater catchments is of importance. This is particularly so in understanding the importance of the water storage capacity and water flux rate of the wetlands of the catchments in creating a buffering capacity against hydroclimatic variability which is becoming an ever-increasing reality [33]. The health of the wetland systems in storing water during droughts and their capacity to become saturated quickly and then contribute to the stream network is an important consideration in the ecological services these mountain headwater catchments provide.
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Figure 1. Locality of the catchments selected for the study. 
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Figure 2. Location of the piezometers in relation to the hydropedological soil group in (a) CP-III, (b) CP-VI, and (c) CP-IX. 
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Figure 3. Depictions of the relationship between precipitation and streamflow discharge for: (a) CP-III; (b) CP-VI; (c) CP-IX. 
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Figure 4. Comparisons of piezometer data installed in the (a) interflow soils, (b) saturated responsive soils, (c) monthly streamflow discharge and (d) monthly rainfall CP-III. 
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Figure 5. Flow path diagrams for (a) the drier periods and (b) wetter periods for CP-III. 
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Figure 6. Comparisons of piezometer data installed in the (a) interflow soils, (b) saturated responsive soils, (c) monthly streamflow discharge and (d) monthly rainfall in CP-VI. 






Figure 6. Comparisons of piezometer data installed in the (a) interflow soils, (b) saturated responsive soils, (c) monthly streamflow discharge and (d) monthly rainfall in CP-VI.



[image: Hydrology 09 00189 g006]







[image: Hydrology 09 00189 g007 550] 





Figure 7. Flow path diagrams for (a) the drier periods and (b) wetter periods for CP-VI. 
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Figure 8. Comparisons of piezometer data installed in the (a) interflow soils, (b) saturated responsive soils, (c) monthly streamflow discharge and (d) monthly rainfall in CP-IX. 
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Figure 9. Flow path diagrams for (a) the drier periods and (b) wetter periods for CP-IX. 
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Table 1. General details of the three catchment areas during the study period (adapted from [19]).






Table 1. General details of the three catchment areas during the study period (adapted from [19]).





	Catchment Name
	Size (ha)

and Altitude Range (m.a.s.l.)
	Rainfall Dynamics during Study Period
	Streamflow Discharge Dynamics during Study Period
	Description of Catchment





	CP-III
	138.9

1847–2323
	Mean (mm) 4.34

Max (mm)

65.23

Min (mm)

0.00

Annual PCP

2019—1095 mm

2020—1572 mm

2021—1664 mm
	Mean (mm): 2.33

Max (mm): 13.39

Min (mm): 0.22
	The catchment is degraded as a result of a forestry experiment in which Pinus patula was planted throughout the catchment in the 1950s and 1960s as well as accidental fires which led to the removal of these trees in 1981. The catchment was rehabilitated with Eragrostis curvula following the removal of the trees [15]. There is, however, erosion throughout the catchment area, with large portions of the catchment covered by Pteridium sp. (Bracken).



	CP-VI
	67.7

1844–2073
	Mean PCP (mm) 3.62

Max PCP (mm)

65.28

Min (PCP) (mm)

0.00

Annual PCP

2019—829 mm

2020—1261 mm

2021—1472 mm
	Mean (mm): 1.84

Max (mm): 18.90

Min (mm): 0.00
	This catchment is covered by mesic grassland of the uKhahlamba Basalt Grassland type which is burned biennially during spring. CP-VI is considered the core catchment with focused, detailed monitoring ongoing in this catchment. A full array of evaporation, soil moisture and groundwater monitoring is undertaken.



	CP-IX
	64.5

1823–1966
	Mean PCP (mm) 3.70

Max PCP (mm)

68.34

Min (PCP) (mm)

0.00

Annual PCP

2019—884.94 mm

2020—1274 mm

2021—1378 mm
	Mean (mm): 1.28

Max (mm): 11.81

Min (mm): 0.09
	This catchment has been completely protected from fire since 1952 but has experienced accidental burns and wildfires in some years. As a result of fire exclusion, this catchment is dominated by woody scrub (Leucasidea serica and Buddleia salvifolia).
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Table 2. Dominant properties of the dominant hydropedological soil groups [19].
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	Hydropedological Soil Group
	Characteristics of the Soils





	Recharge Shallow
	These are soils that are freely drained and do not show any indication of saturation. They are typically shallow in nature (<500 mm). The freely drained B horizon merges with fractured rock or a lithic horizon. These soils typically occur on steeper convex slopes in the higher lying or steeper parts of the catchments.



	Recharge Deep
	These are soils that are freely drained and do not show any indication of saturation. They are typically deeper than the Recharge Shallow Soils (>500 mm). The freely drained B horizon merges into fractured rock or a lithic horizon. These soils where identified throughout the catchments on gentler convex and concave slopes and away from wetlands and watercourses.



	Interflow
	These soils have a freely drained upper solum which overlies relatively impermeable bedrock. Hydromorphic properties are identified at this interface and signify periodic saturation associated with a water table. They typically occur on gentler concave slopes in areas delineated as wetlands as well as adjacent to watercourses.



	Responsive Saturated
	These soils display morphological indications of long-term saturation. They characteristically respond quickly to rainfall events and generate overland flow as they are typically close to saturation during the wet season and therefore any additional precipitation will flow overland due to saturation excess. These soils were identified in the valley bottom positions of the catchments, in permanently saturated wetlands. They typically occur on gentle concave slopes.
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Table 3. Percentage of the catchment area covered by each hydropedological soil group.
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CP-III

	
CP-VI

	
CP-IX






	
Hydropedological soil group

	
Percentage of catchment covered by each hydropedological soil group




	
Recharge Shallow

	
18.3

	
17.1

	
27.6




	
Recharge Deep

	
43.3

	
33.8

	
38.4




	
Interflow

	
24.1

	
28.7

	
15.9




	
Responsive Saturated

	
14.3

	
20.4

	
18.1
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