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Abstract  
The Palmiet wetlands located along the Kromrivier in the Eastern Cape province of South Africa have 
experienced severe degradation through gully erosion during the past decennia which has been threatening 
the water quality and water security of large towns in the Nelson Mandela Metropolitan hub. Water 
scarcity is a growing problem in this region as a result of land degradation and growing erratic rainfall 
patterns. The main causes of wetland degradation are argued to be land use and land cover change. With 
the aim of protecting the wetlands along the Kromrivier a total of eleven large gabion and concrete 
erosion-control structures were constructed between the 2002 and 2013 by the government initiate 
Working for Wetlands.  

This study aims to map the groundwater table in order to derive how erosion-control structures and gully 
erosion affect groundwater dynamics along the Kromrivier. This was achieved by several steps. Firstly, 
water table elevations were measured along several transects by installing a series of piezometers which 
allowed do investigate how the structures affected the water table. This also allowed for a comparison in 
groundwater dynamics between eroded and non-eroded reaches so that effects of gully erosion could be 
identified and potential causes discussed. Secondly, the analysis of aerial images allowed for the 
development of the aerial extent of the Palmiet wetland and gullies to be seen over a ten year period and 
longitudinal profiles provided specific characteristics of the wetland and gullies. Lastly, particle size 
distribution and organic matter content were analyzed as groundwater flow and gully erosion can vary 
greatly depending on soil characteristics. 

The hydraulic gradient was highest in proximity to the structures as a result of the created potential 
induced by the drop in surface water elevation. The radius of influence to where the structures were 
affected the water table was estimated to be approximately 40 m from the channel. Further away from the 
channel, the gradual slope of the water table indicated that the porous gabion side walls of the structures 
did not affect the water table. The groundwater flow is determined by Darcy's Law and the relatively flat 
water table along the non-eroded reaches of site A displayed local drainage points, thereby indicating 
variations in the local flow direction. In May the water table along the non-eroded reaches was sloping 
away from the channel resulting in an area of groundwater discharge with respect to the channel. Not only 
was the water table generally higher during August, the regime had also changed, indicating a potentially 
large seasonal variability. Along the eroded reaches downstream from the structures the water table was 
above the gully bottom during both months resulting in an area of groundwater recharge with respect to 
the channel. Also here the regime had changed from an approximately constant hydraulic gradient sloping 
towards the channel during May to a water table with a divide in flow direction. 

Since their implementation in 2003, the structures have been effective with respect to preventing the 
headcut in the main channel from migrating further upstream. However, the gullies downstream of the 
structures had significantly increased in width between 2003 and 2013 and the Palmiet wetland had also 
slightly decreased in size during the same period. However, it was unclear whether this decrease was part 
of the longer term ongoing trend or part of a shorter term cycle and/or seasonal fluctuation. For a gully 
bank to collapse, the shear strength of the slip surface needs to be exceeded and this often occurs because 
of an increase in pore water pressure which causes a reduction in shear strength. A large gully height of up 
to 4 m with nearly vertical slopes, a water table above the gully bottom and an increase in moisture 
content between May and August indicated that it is not unlikely that a high pore water pressure. played a 
significant role in the slumping of the gully walls.  
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The two structures together were responsible for an surface water elevation difference of 7.76 m. Through 
damming this resulted in an elevated water table in the upstream Palmiet wetland, thereby increasing the 
saturation and promoting diffuse flow across the wetland. However, the structures also trap most of the 
sediment in upstream direction which appears to have resulted in the de-stabilization of the downstream 
streambed at site A as these eroded reaches now receive a significantly lower sediment load. By increasing 
the retention volume in the wetland, the structures also facilitated in ensuring flood retention as the 
wetland could now hold more water during high flows, thereby cutting off the peak flow. As gully erosion 
is known to occur during periods of high flow it is not unreasonable to argue that slumping of the gully 
walls would have been more severe without the structures in place. In this sense the structures increase the 
water quality and decrease the flux of sediment where the latter leads to a decrease in the sedimentation 
rate of the downstream Churchill Dam. Consequently, this contributes to securing the fresh water supply 
to towns in the Nelson Mandela Metropolitan hub.  

The discovery of Palmiet rests up to 2.6 m below the surface indicated that cycles of gully erosion 
followed by the re-establishment of Palmiet have been occurring in this valley for thousands of years. 
However, it seemed that land use and land cover changes had accelerated gully erosion during the past 
decades resulting in a loss of Palmiet wetland at a rate which was beyond 'natural'. Even though the 
structures could be seen as disruptions of long term natural cycles, they are in favor of the well-being of 
mankind as they protect the wetlands to a certain extent. The main results of this study provided a basic 
understanding of how the water table behaves in response to the structures and along eroded and non-
eroded reaches of the Kromrivier. Furthermore, this study discussed the larger scale affects of the 
structures and showed how the gullies and the aerial extent of the Palmiet wetland have evolved since the 
implementation of the structures in 2003. In order to manage these Palmiet wetlands more effectively in 
the future, it is highly important that groundwater dynamics, gully erosion and the size and health of the 
wetland are annually monitored in order to get a more accurate idea of how effective these structures are. 
This new obtained knowledge could also assist in managing other peat lands in South Africa more 
effectively.  
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1. Introduction 

1.1 Background and Research Context 
One of the most challenging environmental problems is considered to be soil erosion (Tebelu et al., 2010). 
Often lacking in financial, technical, and institutional capacity, erosion is often more severe in developing 
countries than in developed countries (Tamene and Vlek, 2009). In South Africa, where wetlands make up 
for only 2.4% of the countries area (NBA, 2011), the loss of wetlands through soil erosion and land use 
change is severe (Riddell et al., 2012), and for several large catchments in South Africa about 35-60% of 
the areal extent of the wetlands has been lost (Dada et al., 2007). In fact, the 2011 National Biodiversity 
Assessment identified wetlands as the country's most threatened ecosystem type, where 48% of South 
Africa's ecosystem types are argued to be critically endangered (NBA, 2011).  
 
For several wetlands in the country, gully erosion in particular is causing a large amount of degradation. 
Often lacking in financial, technical, and institutional capacity, erosion is often more severe in developing 
countries than in developed countries (Tamene and Vlek, 2008). According to Poesen (2011), more 
research efforts are needed with respect to the interaction between gully erosion and hydrological 
processes, as this aspect of gully erosion is not fully understood yet. The ecology of wetlands is strongly 
linked to the hydrological processes (Schot and Winter, 2006), and it would be very difficult to achieve 
proper management of these systems without obtaining a proper understanding of how they develop from 
a hydrological and geomorphological perspective (Ellery et al., 2009a). It is generally agreed upon that 
wetlands at the headwaters of rivers are important with respect to regulating streamflow processes in terms 
of maintaining baseflow and flood peak attenuation, although these phenomena are not yet fully 
understood (e.g. Bullock and Acreman, 2003).  
 
As throughout South Africa, water scarcity in becoming more problematic. The Kromrivier Catchment 
located in the Eastern Cape province of South Africa is no exception. Here, water scarcity can mainly be 
attributed to land degradation and growing erratic rainfall patterns (Living Lands, 2015). The Kromrivier 
wetlands, which are mostly situated on the upper reaches of the Kromrivier, have experienced severe 
degradation by large erosion gullies during the past decennia, which has been threatening the water quality 
and water security of Port Elisabeth. It is desirable for the Kromrivier to have a sustained high quality 
water yield to the Churchill Dam which supplies fresh water to large towns such as Port Elisabeth in the 
Nelson Mandela Metropolitan hub (Haigh et al., 2008). Approximately 40% of the fresh water supply of 
Port Elisabeth comes from the Churchill Dam and the Impofu Dam, the latter being the second largest 
dam on the Kromrivier (Environment Quarterly, 2013). Mainly as a result of the rapidly growing 
population and economic development, the Nelson Mandela Metropolitan hub has had a hard time in the 
past balancing water supply against demand. With the uncertainty in future climatic changes together with 
the increasing demand for water resources in this region, it is highly important that the natural capital of 
the Kromrivier wetlands is maintained (Rebelo et al., 2013). The main causes of wetland degradation are 
argued to be land use and land cover change in the Catchment and wetlands (Rebelo, 2012 and Nsor, 
2008). The main changes that have led to degradation of the Catchment and wetlands in the past involve 
destructive farming practices and road and bridge construction (Haigh et al., 2008).  
 
In an attempt to restore the wetlands along the Kromrivier, rehabilitation of these wetlands was proposed 
in the mid 1990s. The rehabilitation started with the clearing of alien trees through the Working for Water 
Programme, which was then part of the Department of Water Affairs and Forestry (Height et al., 2008). 
Working for Wetlands (WfW) is a joint initiative of the  Departments of Environmental Affairs (DEA), 
Water and Sanitation (DWS) and Agriculture, Forestry and Fisheries (DAFF) which was established in 
2002 with the strong belief that wetland degradation does not necessarily have to be permanent and that 
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rehabilitation of wetlands can often reinstate some of the previously intact ecosystem services. WfW 
works on projects where the main focus is on wetland rehabilitation, promoting wise use of wetlands and 
wetland protection. Furthermore, the projects also create employment and support small businesses. Since 
its establishment, WfW  has invested more than R724 million Rand (€41 million) in the restoration of 906 
wetlands in South Africa. It is claimed that the health of more than seventy thousand hectares of wetland 
area has been improved or secured (Environmental Affairs, 2015). 

With the aim of protecting the Kromrivier wetlands a total of 11 large gabion and concrete erosion-control 
structures were constructed between 2002 and 2013 which together amounted to a total cost of more than 
R10 million (€568 thousand) (Environment Quarterly, 2013). The main purposes of these structures is to 
prevent further degradation of the wetlands through gully erosion by stabilizing headcuts in the gullies, 
decreasing sedimentation flux which would ensure a sustained flow of good quality water, supporting base 
flow to the large dams, ensuring flood retention (i.e. cutting of the flood peak by providing a retention 
volume) (Rhodes University, 2013), and re-saturating drained wetland areas (Environmental Affairs, 
2015). The overall main goal of all rehabilitation interventions is to improve the condition and functioning 
of the ecosystem and to address both causes as well as effects of degradation (Environmental Affairs, 
2015).  
 
However, so far no research has been conducted with respect to how these structures and gully erosion 
affect groundwater dynamics along the Kromrivier. A study by Tebulu et al., (2010) on gully formation in 
the Ethiopian Highlands showed that the table was above the gully bottom at all reaches where gully 
erosion was active and below the gully bottom at reaches where the gully was stable and no incision was 
occurring during the rainy season. It was argued that this elevated water table appeared to contribute to the 
slumping of the gully walls, resulting in the widening of the gully and allowing it to migrate up the 
hillside. They stated that the positive pore water pressure above the gully bottom forced the soil to be 
pushed out of the gully wall when the pore water pressure became higher than the strength of the saturated 
soil.  
 
With hydrology likely being the single most important factor responsible for establishing and maintaining 
specific types of wetlands and wetland processes (Mitsch and Gosselink, 2000), it is therefore highly 
important in this context to bridge this earlier mentioned knowledge gap. By achieving this at a site where 
structures have already been implemented, predictions could be made with respect to how structures will 
affect groundwater dynamics at sites where they are planned to be implemented in the future by WfW. 
This new knowledge could also assist in managing other peat lands in South Africa more effectively.  

1.2 Aim and Objectives 
This study aims to map the water table in order to investigate how erosion-control structures and gully 
erosion affect groundwater dynamics along the Kromrivier in the Eastern Cape province of South Africa. 
Furthermore, this study allows practitioners to monitor and predict the hydrological response to 
rehabilitation interventions at sites where they are planned for the future. 

In order to achieve these aims, the following steps were taken: 
 

 The water table was investigated along eroded and at non-eroded reaches, and in proximity to 
structures. This allowed for a comparison to be made between groundwater dynamics along 
eroded an non-eroded reaches and also allowed to determine how structures affected the water 
table on a local scale. 
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 Re-measurements of the water table during a wetter period allowed to investigate seasonal regime 
changes which are of great significance with respect to gully erosion.  
 

 The analysis of aerial images allowed for the development of the size of the Palmiet wetland and 
gullies to be seen over a ten year period and longitudinal cross sections provided specific 
characteristics of the wetland and gullies. This assisted in determining the larger scale affects of 
the structures. 
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2 Conceptual Framework 

2.1 Groundwater and Surface Water in Wetlands 
For most wetlands, the temporal drainage pattern to and from groundwater reservoirs has a controlling 
role on the water table regime of the specific wetland. For wetlands predominantly fed by groundwater 
and groundwater dependent wetlands, the hydro-period, water table and nutrient status are affected by 
groundwater (Gilvear and Bradley, 2009). Groundwater flows down the hydraulic gradient following 
Darcy's Law (1856) which is commonly written as the following: 
 
Q = KA(dz/dx)        (Equation 1) 
 
Here, Q is the discharge in m3/s,  K the hydraulic conductivity in m/s, A the cross sectional area in m2 and 
dz/dx the hydraulic gradient (Simmons, 2008). 
 
In terms of surface water flow, Hammer and Kadlec (1986) argue that the flow rate across a wetland is 
controlled by the wetland slope, water depths, what kind of vegetation is present, and the degree and type 
of channelization. Surface water flow is ultimately controlled by the size of the drainage basin and the  
hydro-climate. The hydro-climate where storage is assumed to be zero for long time scale is determined 
by the water balance equation:  
 
R = P - V        (Equation 2) 
 
Here, R is the total surface water and groundwater runoff in mm, P the total precipitation in mm and V the 
amount of vaporization in mm including all evapotranspiration from vegetation and all evaporation from 
ground surface and water bodies (Poncea and Shetty, 1995).  

2.2 Gully Erosion 
Over the last decade, there has been a growing interest in studying gully erosion and a lot of progress has 
been made with respect to understanding the soil degradation process and its controlling factors. However 
there are still several aspects of gully erosion that need to be studied more extensively. A few of these 
aspects are gully initiation, development and infilling, how hydrological and other soil degradation 
processes interact with gully erosion and measures for preventing and controlling gully erosion (Poesen, 
2011). 
 
Gullies can be seen as erosion features where multistage evolution, controlled by many different factors, 
describes their formation (Harvey, 1992; Sidorchuk, 2005). During active gully erosion runoff flows 
through narrow channels where a considerable amount of soil gets removed within a short period of time 
(Tebebu et al., 2010). Despite the fact that gully erosion is not a new phenomena, the processes which 
control the degradation process are poorly understood (Nyssen et al., 2006). The development of erosion 
gullies is strictly dependent on the deepening of the gully upstream of the local erosion base level 
(Pelacani et al., 2009), and the process of gully channel development is known to interact with 
hydrological processes (Poesen, 2011).  
 
The interaction between gully formation and hydrology can be approached from two sides; one where the 
hydrology has an effect on gully formation and one where gully formation has an effect on the hydrology 
(Tebedu et al., 2010). One of the main effects of gully incision on the hydrology of wetlands is a lowering 
in groundwater elevations which is caused by shortening of the drainage pathway to the outlet for the 
same elevation difference (Hagberg, 1995; Poesen et al., 2003). This drainage of the inter-gully area can 
possibly lead to crop yield losses in semi-arid environments and groundwater recharge may be affected by 
losses of runoff transmission through the gully bed and banks (Poesen, 2011). For example, a study by 
Riddell et al. (2013) on water table dynamics at the severely eroded wetland system of the Sand River in 
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South Africa, showed a certain loss of groundwater elevation in the vicinity of active gully erosion for 
deeper permanent phreatic surface systems as well as for perched phreatric surface systems. Gully channel 
development is also known to increase runoff and sediment connectivity in the landscape which can 
significantly increase reservoir sedimentation and the risk for flooding.  
 
Mass failure at channel heads or along steep gully walls plays an important role in gully channel 
development. Channel extension is the result of failure of the walls at the stream head, while the gully 
increases in width as a result of failure of the gully walls. Both of these aspects greatly contribute to the 
total gully sediment yield (Bradford and Piest, 1977). A study by Blong et al. (1982) on gully extension in 
New South Wales showed that sidewall erosion was responsible for more than half of the gully volume.  
 
The findings of a study by Riddell et al. (2012) on the hydrodynamic response of the wetland at the 
headwaters of the Sand River in the north east of South Africa showed that the groundwater hydrology of 
the wetland was strongly controlled by how clay plugs were distributed within the subsurface which 
mainly consisted of sand. The clay plugs made it possible for hydrological micro-regions to exist within 
the wetland in horizontal and vertical directions. Their results showed that at locations where clay plugs 
were present, gully erosion had created a moisture removing environment through drainage near the gully 
heads, while more upstream where no clay plugs were present, the wetland was still hydraulically intact. It 
was argued that a loss of these clay plugs through gully erosion had a significant impact on the wetlands 
hydrology as the clay plugs significantly increased the length of the wetlands hydro-period and without 
the clay plugs the wetland would not be able to hold water from the wet season into the dry season.  
 
Gully erosion does not occur constantly throughout the year. A study by Carnicelli et al. (2009) on gully 
development in the Ethiopian Highlands found that the formation of gullies was initiated by an increase in 
discharge during the beginning of the wet season, while gullies tended to stabilize and fill up during the 
transition towards dryer periods where the discharge was significantly reduced. A study by Avni (2005) 
showed that gully erosion is a key factor in desertification in an arid environment. The study was 
conducted in the Negev highlands in Israel where the agricultural fields and the areas with the highest 
grazing value were restricted to narrow valleys. Gully incision eroded the agricultural fertile soil and this 
resulted in an exposure of more rock. The increased surface water runoff caused severe floods in a 
positive feedback effect and the desertification in the region accelerated. Besides that gully erosion affects 
hydrology and increases sediment transport, the soil degradation process is also known to have a negative 
effect on several soil functions such as biomass, food and fiber production, water filtering functions, 
bearing function and ecological function (Poesen, 2011).  
 
It is generally assumed that gully channel development is dominated by the amount of surface water flow 
through the gully and the explanation is considered to be that the larger the power of the stream the larger 
the gully erosion (Nyssen et al., 2006). However, a study by Morgan and Mngomezulu (2003) on gullied 
and un-gullied catchments in the Middleveldt of Swaziland, where they tried to identify critical conditions 
for gully formation using the topographic threshold approach, has shown that a negative relationship exists 
between contributing area and slope. Their observations imply that the process of seepage at the contact 
soil-saprolite seems to be more important than overland flow in terms of gully development and therefore 
they argue that subsurface processes have played an important role in the formation of gullies. Although 
there are some general agreements on what the effects are of gully erosion on hydrological processes and 
vise versa, the results can differ greatly per site depending on the local setting. 

2.3 Geomorphic Thresholds: Valley-bottom Wetlands  
Geomorphology and climate are seen as external factors acting on the hydrological and biochemical 
processes that provide structure to wetland ecosystems. The origin and evolution of wetlands is directly 
linked to these two main factors. Given the generally semi-arid heterogeneous climate of southern Africa, 
the size of wetlands is likely to give a better estimation for catchment runoff than catchment area (Ellery 
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et  al., 2014). As larger rivers erode longer and 
broader valleys, the size of the wetland that is 
formed is therefore directly related to the stream 
discharge (Ellery et al., 2014). Valley bottom 
wetland typically have subsurface and diffuse 
surface flows where the capacity to transport 
sediment is very limited, leading to aggradation 
(Grenfell et al., 2008). Erosion can be expected 
when the sediment load of the stream is lower than 
its ability to transport sediment as these high 
discharges in combination with low sediment input 
can lead to erosion. On the contrary, erosion is 
unlikely to occur when the supply of sediment to a 
wetland is abundant (Ellery et al., 2009b). Ellery et 
al. (2014) suggested that a relationship exists 
between wetland longitudinal slope and wetland 
size where the mode of origin of the wetland is not 
relevant. With respect to valley-bottom wetlands, 
the results of the study showed that where the 
longitudinal slope was high with respect to the wetland size, the wetland was more vulnerable to gully 
erosion, whereas wetlands with a low longitudinal slope for their size usually did not experience gully 
erosion (figure 1). This suggests that geomorphic structures are the most important factors that determine 
whether a valley-bottom wetland will get incised or not by gully erosion. Figure 1 shows there is a zone of 
vulnerability where some wetlands are incised and some are not, suggesting that geomorphic thresholds 
are not abrupt but rather gradational (Ellery et al., 2014). 
 

2.4 Palmiet Wetlands and Peat Formation 
Palmiet (Prionium serratum) is a perennial scrub endemic to South Africa which only occurs in the south 
of the Western Cape, Eastern Cape and the south of KwaZulu-Natal. It is the only member of the family 
Prioniaceae. Palmiet can grow up to 3 m in height, has a woody aerial rhizome of up to 8 cm, covered 
with fibrous net-like remains from old leave bases. The roots are stout and can get up to 5 mm in diameter 
containing extensive aerenchyma (a spongy tissue that forms air channels allowing for atmospheric gasses 
such as oxygen to be exchanged between root and shoot). The leaf  is sheath and narrows abruptly in the 
blade, which has a length of approximately 80 to 100 cm and a width of 0.7 to 2.0 cm. Palmiet usually 
forms dense monospecific stands in riverbeds and thickets across rivers, trapping soil and detritus in the 
dense clumps of rhizomes, resulting in the buildup of river beds and the filtering of water (Munro et al., 
2001).  
 
Sieben (2012) suggested that Palmiet in the southern Cape plays a dominant role with regard to sediment 
trapping and peat formation in the wetlands. Besides that the dense growth of the robust Palmiet stems and 
the very dense root mass make it a formidable actor for initiating sediment trapping, these characteristics 
also provide an excellent frictional resistance to flood events. During such a flood event the energy gets 
dissipated throughout  the wetland which reduces the impact of the flood. When Palmiet colonizes a 
foothill stream it has the ability to proliferate across the entire stream, eventually plugging it and turning it 
into a valley-bottom wetland. Because of this ability to alter the flow regime and characteristics of a river 
or channel, Palmiet has been suggested to act as an 'ecosystem engineer' (Sieben, 2012). This is why 
farmers often see Palmiet as a problem and remove it as it blocks the river and leads to flooding of arable 
land. However, the absence of Palmiet would probably lead to greater flood damage, more severe erosion 
and sedimentation of dams.  
 

Figure 1. The gradient of incised and non-incised valley-
bottom wetlands plotted against their respective area. 
From: (Ellery et al., 2014). 
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The processes that occurs within Palmiet wetlands appears to lead to the accumulation of organic matter, 
forming deep peat basins. Peat is defined as an in-situ accumulated material where a minimum of 30% of 
its dry mass consists of dead organic matter. A peatland is defined as an area with or without vegetation 
with a naturally accumulated peat layer that has a minimum thickness of 30 cm (Joosten and Clarke, 
2002). For peat to form, low energy hydrological conditions are required and no clastic sediment should 
be present in the setting or the supply or clastic sediment should be very limited (Ellery et al., 2009b). 
Furthermore, peat formation favors temperatures that are substantial for plants to grow adequately but low 
enough to limit evapotranspiration and keep the organic substrate saturated (Charman, 2002). Low 
temperatures generally cause a reduction in activity of micro-organisms responsible for decomposing 
organic matter (Fey, 2010). It is also desirable that a relatively impermeable bedrock is present to ensure 
that water does not drain away (Charman, 2002). Despite the semi-arid regions of South Africa where 
evapotranspiration often exceeds precipitation, a total of eleven peatland eco-regions have been described 
so far (Marneweck et al., 2001), one of them being the peatlands in the Kromrivier valley in the Eastern 
Cape. 
 
A study by Job (2014) on the geomorphological origin of the Gouku Wetland in the Western Cape 
suggested that Palmiet establishes itself within a V-shaped river valley during relatively drier climate 
periods where the flow is reduced. Palmiet then colonizes across the whole width of the channel reducing 
the flow and creating a permanently flooded area with quiet diffuse flows, resulting in conditions in favor 
of peat formation. Once the climate transitions into wetter periods and the flow is increased, gullies form 
which erode parts of the valley to a common base level elevation, causing the valley to widen. During 
drier periods when floods are less frequent, Palmiet colonizes the eroded channel, allowing peat to 
accumulate once again. During the next wet climate period, gullies form again leading to valley widening. 
This process of repeatedly cutting and filling during many wet and dry climate cycles over thousands of 
years results in the valley getting wider and planed to a particular elevation, transforming the narrow V-
shaped valley into a wide and flat U-shaped valley-bottom (Job, 2014). 
  

2.4 Erosion-control Structures 
Currently there is a large variety of existing methods for wetland rehabilitation. Regarding wetlands in 
South Africa, implementing erosion-control structures is a common form of wetland rehabilitation. These 
often entail drop structures and are typically built at the gully head to stop the headcut from moving 
further upstream. The structures are designed to capture all the water (even during peak flows) and 
transport it over the gully head down to the gully floor where the energy gets dissipated without causing 
further erosion of the gully floor (Alt et al., 2009). According to Alt et al. (2009) a well designed drop 
structure (figure 2) has the following features: 

 Guide walls or banks have to be strong enough to prevent water from making a path around the 
structure (especially during peak flows). 

 To prevent water from cutting into the structure a cutoff trench is placed at the top. 
 A flume or chute transports the water downwards to the stilling basin. For high flows and a 

relatively steep chute gradient the surface should be hardened with concrete or a rock blanket. For 
less concentrated flows with a broad and low chute gradient a vegetation cover could be 
sufficient.  

 If the flume or chute is constructed by impermeable material, then subsurface flows should still 
be able to drain through the flume or chute. This can be achieved by installing pipes through the 
flume or chute.  

 The stilling basin should have an appropriate size such that the energy flowing down the flume or 
chute gets dissipated. 
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 To spread the slowed down water before it enters the natural flow path a broad level sill should be 
implemented. 

 

Figure 2. Features of drop structures. From: (Alt et al., 2009). 

The erosion-control structures implemented on the upper 
reaches of the Kromrivier by WfW are structures made of 
concrete and gabion baskets and mattresses filled with rocks. 
The rocks that are packed against the wire mesh of the gabion 
baskets should all have dimensions larger than the mesh 
openings and the baskets should have a maximum porosity of 
30% after packing. When a basket or mattress is completely 
filled with rock it should have a minimum density of 2600 
kg/m3 (Russel et al., 2009). The guide banks of these 
particular structures consist of 1 m by 1 m gabion baskets and 
gabion mattresses which are fastened together and are overlain 
by a layer of concrete. 

There are two different ways of designing a gabion erosion-control structure. The first is the 'staircase' 
effect facing downstream and the second is the 'staircase' effect facing upstream (figure 3). The second 
design provides more stability as the water and soil behind the structure ensure pressure on the staircase, 
thereby making it more difficult for the structure to slide away or overturn. However, this design also 
creates a waterfall where the full impact is directly absorbed by the gabion mattress on the floor of the 
stilling basin. The damage that can be caused by the impact of the waterfall by far outweighs the benefits 
of this design if the height of the drop exceeds 2 m (Russel et al., 2009).  
 
 
 
 

Figure 3. Designs of gabion erosion-control structures 
for standard sized 1 m by 1 m gabion baskets. From: 
(Russel et al., 2009). 
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3. Study Area 

3.1 Location, Topography and Geology  
The narrow and steep Kromrivier Catchment (figure 4) is located on the southern coast of the Eastern 
Cape province in South Africa and it drains an area of approximately 1125 km2 (Dennis and Wentzel, 
2007). The catchment can be subdivided into five quaternary catchments (K90A - K90E), constructed and 
named by the former Department of Water Affairs and Forestry. Our study area focuses on the Kromrivier 
wetlands with underlying peat basins which are located on the upper reaches (approximately the first 30 
km) of the river within the borders of catchment K90A (approximately 280 km2)  (figure 4). Only a total 
of 259 people live in this catchment as there are no existing towns (Dennis and Wentzel, 2007). 
Kareedouw, with a population of 4985 in 2011 (Frith, 2011) is the only town in the area and is located in 
western part of neighboring catchment K90B. The two largest dams on the river are the Churchill Dam 
(capacity: 35 710 106 m3) south-east of the town Kareedouw in catchment K90B, and the Mpofu Dam 
(capacity: 10 706 106 m3) further downstream in catchment K90D (Haigh et al., 2008). The Nelson 
Mandela Metropolitan hub is located approximately 130 km to the east of our study area.  
 

 
Figure 4. A map of the study area showing the entire Kromrivier Catchment with its quaternary catchments. The study area lies 
entirely within catchment K90A. From: (Haigh et al., 2008). 

The Kromrivier Catchment comprises a large river valley formed by the Kromrivier which is bordered by 
the Suuranys Mountains (approximately 1050 masl) to the north and the Tsitsikamma Mountains 
(approximately 1500 masl) to the south (Rebelo et al., 2013) and is oriented west to east. Several wetlands 
dominated by Palmiet exists along the Kromrivier of which the two largest ones are located near the origin 
of the river and are separated from each other by a road (figure 5). The Kromrivier rises in the 
Tsitsikamma Mountains to the east and is approximately 100 km in length. Sandstones and shale's from 
the Cape Supergroup make up the geology of the Catchment (figure 6d), where the Peninsula Formation, 
Goudini Formation, Skurweberg Formation and Baviaanskloof Formation consist mainly of sandstone, 
whereas the Cedarberg Formation and the Gydo Formation consist mainly of shale.  
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The upper reaches of the Kromrivier valley floor have an altitude of approximately 350 masl and a 
longitudinal slope of 0.6% (Haigh et al., 2008). From here the Kromrivier flows in eastern direction and 
discharges into the Indian Ocean at St Francis Bay. At 14 km from the mouth the river is characterized by 
a series of rapids, marking the limit of sea water penetration (Watling and Watling, 1982). The Kromrivier 
receives several tributaries from both mountain ranges which form a trellis drainage pattern throughout the 
Catchment. From the wetter southern Tsitsikamma Mountains the Kromrivier is fed by six large and five 
minor tributaries. From the drier northern Suuranys Mountains the river receives water from seven large 
and numerous minor tributaries. The streamflow of the tributaries originating from the northern Suuranys 
Mountains is mostly seasonal (Haigh et al., 2008). The two main tributaries are the Dwars River entering 
the Kromrivier just upstream of the Churchill Dam, and the Geelhoutboom River located 9 km from the 
mouth. Several of the other smaller tributaries include the Klein, Boskloof, Sand and Brakfontein River 
which discharge into the Kromrivier at 11, 5, 2 and 1 km from the mouth, respectively (Walting and 
Walting, 1982).  
 

 
Figure 5. A 3D view of the upper reaches of the Kromrivier valley including the two largest Palmiet wetlands on the Kromrivier. 
From: (Google Earth, 2013).  

3.2 Climate, Hydrology and Vegetation 
The annual precipitation in the Kromrivier Catchment is characterized by a bimodal pattern, with most 
precipitation falling in Spring and Autumn (Midgley et al., 1994). The mean annual precipitation (MAP) 
is 614 mm and the mean annual runoff (MAR) is 75 mm which amounts to about 11% of the MAP 
(Middleton and Bailey, 2008). At the town Kareedouw the annual precipitation was measured to be 
716.15 mm (Haigh et al., 2008), which is likely to be a better estimation for the upper reaches of the 
Catchment. Furthermore, the precipitation is very un-uniformly distributed within the Catchment as some 
regions can get up to 1200 mm rainfall in some years while other regions receive only about 400 mm. In 
general, the southern and south-western regions receive more rainfall than the northern and north-eastern 
regions. When only considering catchments K90A and K90B, the rainfall generally decreases as you 
move from the south-east to the more mountainous north-west (Haigh et al., 2008).  
 
Large floods during high precipitation years can have a severe impact on the Kromrivier wetlands and the 
erosion-control structures. For example, during the large flood event in August 2006 structures in the 
region were severely damaged and during the flood event in 1974 a headcut located in catchment K90A 
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on the Kromrivier moved upstream by 500 m. Farmers can worsen the impacts on the wetlands during 
high precipitation events by constructing berms on the banks of the river and drainage ditches to protect 
their crops from flooding. This was the case during the flood of 1965 where these man-made adjustments 
in the land resulted in gully erosion. A flood event during a drought is likely to cause more damage as the 
vegetation cover is not as resilient during drier periods. Three large floods occurred under these 
circumstances during the drought between 1980 and 1985, leading to severe land degradation (Haigh et 
al., 2008). 
 
On the peat beds the dominant vegetation is Palmiet, although also smaller areas of ferns, grasses, reeds 
and sedges are present (Haigh et al., 2002). These other plant communities allow for a diversity of habitats 
to occur within the wetlands (Haigh et al., 2008). Considering the entire Catchment, the predominant 
vegetation is Fynbos (568.04 km2) which is a natural shrubland vegetation. Grassland is the second most 
common vegetation type covering an area of approximately 154.79 km2, followed by thicket (120.87 km2), 
renosterveld (113.66 km2) and forest (27.34 km2). The Catchment also comprises large areas of natural 
vegetation (102.05 km2) (Vlok et al., 2008). On the upper reaches within catchment K90A some of the 
natural vegetation lies within the Formosa Nature Reserve. The region has also experienced encroachment 
of alien trees, where the Black Wattle (Acacia Mearnsii) has been the most problematic as it spread 
around the river course and invaded the Palmiet wetlands, thereby impacting the groundwater and 
wetlands (Dennis and Wentzel, 2007).  

3.4 Hydro-geomorphology and Soils 
The topography around the upper reaches of the Kromrivier has developed within and is structurally 
controlled by the Cape Fold Belt which consist of the Suuranys and the Tsitsikamma mountain ranges 
(Haigh et al., 2008). Historically, the peat basins within catchments K90A and K90B occupied 
approximately 2.6% of the total area which amounted to 5.47 km2. The largest Palmiet wetland with an 
underlying peat basin is situated in catchment K90A and in 1942 the wetland occupied approximately 
2.5% of the area of catchment K90A. However, only an area of approximately 1.7% currently still remains 
functional (figure 6a). The total area of Palmiet wetland with underlying peat basins (Krugerland and 
Companjesdrift) between sites A and B amounted to 0.62 km2 or 62 ha in 2003 which used to be 0.77 km2 

or 77 ha in 1942 (Nsor and Gambiza, 2013).  
 
The peat in catchments K90A and K90B started to accumulate approximately 5600 years ago and was 
estimated to have a total volume of approximately 12.9 million m3. The current peat volume was estimated 
to be approximately 1.76 million m3 and to have a thickness varying between 0.5 to 2.8 m, with an 
average of about 1.62 m (Haigh et al., 2002). Sand and clastic lenses exist within the peat formations 
indicating the occurrence of large flood events in the past (Haigh et al., 2008). With relatively shallow 
soils on the mountain slopes and the low water uptake of the shrubland vegetation Fynbos, the 
groundwater recharge rates in the Catchment are considered to be relatively high (figure 6b) (Rebelo et al., 
2013). 
 
The tributaries entering the Kromrivier from the northern Suuranys mountains frequently create alluvial 
fans at the distal end of the tributaries on the Kromrivier valley floor. The delivery of sediment to these 
alluvial fans constrains the areal extent of the Kromrivier wetlands as the sediment supply decreases the 
area where Palmiet could potentially grow. Sediment which is deposited by alluvial fans in the main trunk 
stream may cause a local increase in channel gradient and therefore an increase in the likelihood for 
gullies to get initiated. Furthermore, flood events may erode the distal ends of alluvial fans which can 
cause steep banks which in turn promote headcut development in tributary channels (Haigh et al., 2008). 
Alluvial fans are thus an important feature along the Kromrivier wetlands and should be seriously 
considered with respect to implementing wetland rehabilitation measures. This implies that structures 
located close to alluvial fans are the most vulnerable (Haigh et al., 2008).  
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3.5 Historical and Current Land Use.   
The land in the Kromrivier valley has at least been occupied by humans since the 18th century and over the 
years the valley has been heavily transformed by agriculture. One of the largest pieces of land called 
Jagerbos, located in the central part of catchment K90A (figure 6c), was occupied by Thomas Ferreira in 
1775 when he applied for grazing rights. During the same period other settlers took parts of land in the top 
upper part of the valley. During the same period logging of indigenous trees took place as records of the 
year 1788 indicated that timber was shipped from the Kromrivier region to Cape Town. Between 1800 and 
1940 the population in the region increased and the land in the valley was mostly used for orchards and 
grazing. In 1905 the main town Kareedouw was established. With the completion of the railway line in 
1906, the farming activities in the valley intensified as it was now easier to transport goods to the markets 
and harbor of Port Elisabeth. After 1942 the agricultural activities intensified as commercialization 
increases and there was an increase in the production of soft-fruit and vegetables. These farming practices 
became destructive as flood plains were drained in order irrigate the larger orchards (Haigh et al., 2008). 
Extensive road construction activities, including building bridges and the tarring of roads, took place 
between 1950 and 1970 and these activities and others contributed to the degradation of the Kromrivier 
wetlands by increasing erosion and sedimentation. From the available aerial photographs between 1942 
and 2003 it was concluded that large parts of the upper part of catchment K90A had dried out as a result of 
wetland degradation. Large areas that looked like degraded shrubland and fynbos used to be wetland and 
seasonal riparian vegetation in the past. Currently the main land use in the valley still entails various 
agricultural activities which mainly involve orchards, cultivated crops and pastures (Haigh et al., 2008). 
 

 
Figure 6. Characteristics of the catchments K90A and K90B: Vegetation and land-use (a), ground 
water recharge (mm/annum) (b), towns and farms (c) and geology (d). From: (Middleton and Bailey, 2008). 
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4. Material and Methods 

4.1 Methods in the field 

4.1.1 Location of Study Sites A, B and C 
Within catchment K90A a total of three study sites were selected: site A, B and C (figure 7). Site A was 
selected because it contained two erosion-control structures designed to protect the largest Palmiet 
wetland on the Kromrivier. Sites B and C were selected because they are sites where WfW wants to 
implement rehabilitation interventions in the future. All the land on which the research was conducted is 
privately owned and therefore permission from the respective landowners had to be required prior to 
conducting the research.   
 
Site A is located on the south eastern border of the large Palmiet wetland on the Kromrivier in the north-
western part of catchment K90A. The peat basin at which the site is located is called Companjesdrift 1. 
Two gabion erosion-control structures were constructed here in 2003 by WfW with the aim of protecting 
the upstream Palmiet wetlands by preventing headcut from further developing upstream. Just downstream 
of these two structures large gullies are present with gully depths of up to 4 m. Site B, where the peat 
basin is referred to as Krugersland, is located approximately 5 km upstream of site A, such that the 
wetland is enclosed between the two sites. The site is characterized by a network of smaller and larger 
gullies with headcuts forming a degraded landscape. The peat basins Krugersland and Companjesdrift 1 
are adjacent to each other and are the two largest peat basins with Palmiet wetlands in the entire 
Catchment. Site C, where the peat basis is referred to as Companjesdrift 2, is located in the eastern part of 
catchment K90A. The site is situated in a Palmiet wetland which in size is considerably smaller than the 
wetland at site A. Here, the growth of Palmiet exists mostly along the channel in a narrow but long area as 
the areal extent of the wetland is constraint by the railroad and nearly vertical slopes of the mountain 
range to the north.  
 

 
Figure 7. Sites A, B and C as seen from Google Earth (Google Earth, 2013). 
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4.1.2 Water Table Elevations  
In addressing the aim of investigating how structures and gully erosion affect groundwater dynamics, 
water table elevations were measured at site A where two structures exist and are separated from each 
other by approximately 45 m (figure 8). Furthermore, water table elevations were measured at sites B and 
C where rehabilitation interventions in the form of structures are planned to be implemented by WfW in 
the future. This allows for monitoring the groundwater response to the structures once they have been 
implemented.  

In total, taking all sites into account, eighteen transects were constructed amounting to fifty-four different 
data point locations. At each location the latitude, longitude and altitude was measured using a differential 
GPS. The water table elevations were measured by installing piezometers to a depth of half a meter below 
the water table which allowed for ongoing monitoring of groundwater elevations over time. A piezometer 
measures the height to which the water column rises against gravity and as piezometers PVC pipes with a 
50 mm diameter were used where holes were punctured into the sides at intervals of 25 cm to allow for 
groundwater inflow. The boreholes for the piezometers were made using a handheld Dutch Auger. 
Transects were not necessarily numbered in the 
order they were constructed in the field. At 
locations where surface water was present, the 
surface water depth was measured but no 
piezometers were installed. Furthermore, most 
transects contained one location at the height of the 
surface water in the main channel, thereby allowing 
the water table to be seen in relation to the surface 
water in the main channel.  

At site A the water table elevations were measured 
at various locations upstream, in between, and 
downstream of the two structures. This was done 
by manually installing piezometers along seven 
transects (AT1 - AT7) perpendicular to the channel; three upstream from the structures, two in between 
the structures and two downstream (figure 9). Each of these transects consists of either two, three or four 
piezometers. AT1 is the most upstream transect and AT7 the most downstream. Within each transect the 
piezometer locations were set at approximately 15 m from each other and the distance between the 
transects varied from 15 to 40 m. For every transect, the first piezometer was set at a distance of 10 m 
from the water surface of the main channel. In order to obtain a cross section which is approximately 
parallel to the channel, transects AT8 was invented and consists of one location from each of the previous 
seven transects. 

Figure 8. The two erosion-control structures located at site A. 
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Figure 9. The locations and transects at site A projected onto a 2009 DEM. 

At site B piezometers were installed along 6 transects (BT1 - BT6) (figure 10) with each transect 
containing three locations amounting to a total of eighteen different locations. Due to the fact that many 
channels were present at this site, the first location of each transect was set in between the two main 
channels. The locations within a transect were set at intervals of approximately 20 m (if the terrain 
allowed it) and the transects themselves were set at 36 m intervals from each other.  
 

 

Figure 10. The locations and transects at site B projected onto a 2009 DEM. 
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The same intervals apply for site C, except here five transects (CT1 - CT5) were constructed (figure 11), 
also containing three locations each except for CT3 and CT4 as these transects also contain a surface 
water measurement at the channel. Transect CT5 is located approximately four times further away from 
CT4 than it should be as the land in between was inaccessible by foot because of very dense bramble 
bushes.  

 

Figure 11. The locations and transects at site C projected onto a 2009 DEM. 

At all sites the groundwater elevations were re-measured by other students in the beginning of Spring on 4 
August 2015 after a series of heavy rains allowing for a comparison in groundwater dynamics to be made 
between a wetter and drier period. As gully erosion usually occurs during wetter periods with higher 
streamflows, it is desirable to know how the groundwater dynamics change along eroded and non-eroded 
reaches and in proximity to erosion control-structures.  

4.1.3 Sediment Sampling 
The handheld Dutch Auger also allowed for collecting sediment samples. At all sites sediment samples 
were sampled at half a meter intervals. If a layer changed significantly within the half a meter interval, a 
sample was taken at the changing point. The exact depth from which the sample originated was noted in 
cm relative to the land surface. Each sample was logged qualitatively in the field, allocating an 
approximate U.S.D.A (1975) soil texture description. In addition, changes in texture and color were noted. 
The sediment samples were carefully placed in labeled plastic bags, sealed, and transported to the 
laboratory for further analysis.  

4.1.4 Longitudinal Topographic Cross Sections 
Longitudinal topographic cross sections were constructed at site A using a differential GPS. This was 
carried out by other master students as parallel studies were undertaken during the field trip in May.  
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4.2 Methods in the Laboratory 
Sedimentary physical characteristics which include particle size distribution and loss on ignition were 
determined in the laboratory. From the 291 collected samples a total of eighty-two samples were selected 
for further analysis as time limitations did not allow for more samples to be analyzed. As site A is the 
largest and most important site for this study, forty-three samples were selected from here. The number of 
analyzed samples from sites B and C were twenty-four and fifteen, respectively. The locations from which 
these samples originated were selected such that upstream areas, downstream areas and areas in between 
were represented. How many samples and at which depths samples were selected within one location 
depended on how many different soil layers were detected and how thick each soil layer was. Each layer 
that differed greatly from another within one location had to be represented adequately. Furthermore, each 
sample had to weigh at least 10 grams for being suitable for further laboratory analysis.  

4.2.1 Sediment Sample Preparation 
At first, all 291 collected sediment samples were transferred into labeled open paper bags and dried in an 
oven at 40 C° for forty-eight hours, allowing for all the remaining moisture to evaporate. To prepare the 
eighty-two selected sediment samples for further analysis, they were crushed using a pestle and a mortar, 
destroying any lumps of material stuck together. A few grams of each sample was sieved through a 2 mm 
sieve and any grains larger than 2 mm were disregarded. As only the grains were relevant for particle size 
distribution, the organic content was removed. To carry this out, the sieved sediment fractions were placed 
in glass beakers and 40 ml of the dispersing agent sodium hexametaphosphate was added. The mixture 
was cooked on a stove at approximately 70 C° until no more bubbles were from the removal process were 
observed. For beakers containing sediment with a very high organic matter content, an additional 20 ml of 
sodium hexametaphosphate was added if necessary. 

4.2.2 Loss on Ignition 
The mass of clean, empty and dry porcelain crucibles was determined to four decimals accuracy. 
Approximately 8 g of material was placed in a crucible and the combined mass of the material and 
crucible was re-determined. Loss on ignition was estimated by placing the crucibles with material in a 
preheated Gallenhump muffle furnace for approximately twelve hours at 450 C°, allowing the organic 
matter to turn into ash, until its mass ceased to change. Afterwards, the crucibles with material were 
cooled and the weight was re-determined. The organic matter content was represented by the decrease in 
mass and expressed as a percentage of the original mass. The muffle furnace had a capacity to hold 
approximately twenty-five crucibles and the test was carried out for all eighty-two samples.  

4.2.3 Particle Size Analysis 
Particle size distribution was determined using a Malvern Mastersizer 3000 which can analyze particles in 
the range of 0.01 μm to 3500 μm in diameter, although for this study only particles smaller than 2000 μm 
were used. It makes use of a laser diffraction technique where the angular variation in the light intensity is 
measured that is scattered as a laser beam and passed through a dispersed particulate sample. The larger 
the particle, the smaller the angle at which light gets scattered relative to the laser beam. The data 
containing the angular scattering intensity is then analyzed to calculate the particle size responsible for a 
specific scattering pattern. The Mie theory of light scattering is used where the particle size is reported in a 
volume equivalent sphere diameter. Once all the particle sizes in a sample are calculated, the Mastersizer 
provides the particle size distribution of that specific sample. As an output the Malvern Mastersizer 
produces the tenth, fiftieth  and ninetieth percentiles of particle size distribution for each sample.  
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4.3 Data Analysis  

4.3.1 Groundwater Dynamics 
For each site, a map of the piezometric surface was constructed. This was done by plotting the GPS 
locations onto a Google Earth image and assigning the specific water table elevations to each location. 
The image was then imported into Photoshop CC where the contour lines were constructed. The position 
of each contour line was initially estimated by 3D Field and the final contour lines were drawn in 
Photoshop CC where the contour map estimated by 3D Field acted as a guidance. Graphical 2D cross-
sectional plots perpendicular and parallel to the channel were constructed showing the behavior of the 
water table in on 7 May and 4 August 2015 in relation to the topography. This was done in Microsoft 
Excel 2007. The hydraulic gradient (dz/dx) was calculated between various locations. Here, dz is defined 
as the difference in water table elevation in m and dx as the horizontal distance in m over which the 
difference in water table elevation occurs. 
 
The data containing the topographic elevations and water table elevations was scanned for any possible 
errors. During this process the measured topographic elevations along transects AT2 (AT 2.0 - AT2.4) at 
site A were identified to be subject to a significant error. The neighboring location AT2.0 at the surface 
water in the channel was approximately 2.5 m higher than at location AT2.0 implying that water should be  
flowing in upstream direction along this section of the channel. The average decline in water table was 1.8 
m between transects AT1 and AT2 and the average rise was 2.5 m between transects AT2 and AT3. Field 
observations and photographs revealed a relatively flat surface between transects AT1 and AT3. It was 
chosen to interpolate the topographic elevations of transect AT2 by adding 2.15 m to each measurement as 
the relative fluctuations in topography appeared to be correct and therefore the offset was assumed to be 
constant. The number 2.15 is the average of the 1.8 m decline between transect AT1 and AT2, and the 
2.15 m rise between transects AT2 and AT3. As no re-measurements of the surface water elevation in the 
channel were conducted, it was assumed that the surface water elevations for August were the same for 
May. The margin of error in this assumption was estimated to be relatively small as field observations did 
not reveal a noticeable difference in surface water elevations between the two months. The interpolated 
values are marked with a *. 

4.3.2 Sedimentary Soil Characteristics and Aerial Images 
In order to classify a specific soil sample, the written down field observations were used in combination 
with the results of particle size distribution and organic matter content. The tenth, fiftieth  and ninetieth 
percentiles of particle size distribution were used to assist in classifying soil samples. If no results of 
particle size distribution and organic matter content were available for a specific sample but the sample 
had the same or a similar description as a sample for which these results were available, it was appointed 
to the same soil textural class. In order not to overcomplicate the soil classification process, a total of four 
soil classes (table 1) were chosen for this study, according to the U.S.D.A. 1975 soil textural classes 
(figure 11). 
 
Table 1. U.S.D.A soil textural classes relevant for this study. From: (U.S.D.A. 1975). 

Name of separate  Diameter range (mm) 

Sand 2.0 - 0.05 

Silt 0.05 - 0.002 

Clay <0.002 

Loam N/A 
 
It can be seen in figure 12  that loam represents certain combinations of percentages of silt, clay and sand. 
The official specifications of loam are 7% to 27% clay, 28% to 50% silt and less than 52% sand. 
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However, if a certain soil sample was estimated to fall outside the official U.S.D.A. range of silt, clay or 
loam it was still classified as one of these depending to which one it lies closer to in the diagram. The 
majority of experts agrees that for a soil to be classified as peat it should contain a OM content of at least 
30% (Xuehui and Jinming, 2009). According to this definition peat was not found at any of the sites and 
was therefore not included in the classification process. After the classification, the soil type was 
displayed in columns together with the respective OM content, revealing the thickness and type of soil at 
various depths. This was carried out in Photoshop CC. In order see how gully width and the size of the 
Palmiet wetland had developed over time, a series of Google Earth images over the period 2003 - 2013 
were analyzed. 

 

Figure 12. U.S.D.A 1975 soil textural diagram. From: (Soil Sensor, 2011).  
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5. Results 

5.1 Groundwater Dynamics and Sedimentary Characteristics: Site A  

5.1.1 General Groundwater Dynamics 
The results of the topographic elevations (Z), depths to water table from the surface (WT), water table 
elevations (Zwt) and distances between locations (D) are presented in table 2 below. It can be seen that the 
depth to the water table varies between approximately 0 m and 4 m below the surface, with the average 
water table depth being at 1,80 m during winter on 7 May 2015 and at 1.14 m during the beginning of 
Spring on 4 August 2015. 

Table 2. Results of depth to water table (WT), topographic elevation (Z), water table elevation (Zwt) and distance from the 
surface water in the channel (D) for site A. The values with an * are interpolated values.  

Transect 
Z  [7 May 
 2015] (masl) D (m) 

WT [7 May 
2015] (m) 

Zwt [7 May 
2015] (masl) 

WT [4 Aug 
2015] (m) 

Zwt [4 Aug 
2015] masl) 

AT1.0 (sw channel) 342.39 0.00 0.00 342.39 0.00 *342.39 
AT1.1 343.46 16.88 1.20 342.26 0.00 343.46 
AT1.2 343.05 32.02 1.00 342.05 0.51 342.54 
AT1.3 343.70 46.90 1.80 341.90 1.68 342.02 
AT1.4 343.88 63.19 1.80 342.08 N/A N/A 
AT2.0 (sw channel) *342.96 0.00 0.00 342.96 0.00 *342.96 
AT2.1 *343.67 14.99 1.10 342.57 1.62 342.05 
AT2.2 *343.03 29.65 1.40 341.63 0.62 342.41 
AT2.3 *344.42 45.84 1.90 342.52 0.58 343.84 
AT2.4 *344.37 62.54 1.95 342.42 N/A N/A 
AT3.0 (sw channel) 343.33 0.00 0.00 343.33 N/A N/A 
AT3.1 343.78 18.74 1.15 342.63 N/A N/A 
AT3.2 343.47 33.83 1.15 342.32 N/A N/A 
AT4.0 (sw channel) 340.51 0.00 0.00 340.51 N/A N/A 
AT4.1 343.15 29.48 1.95 341.20 N/A N/A 
AT4.2 343.68 44.19 2.25 341.43 N/A N/A 
AT5.0 (sw channel) 340.13 0.00 0.00 340.13 0.00 *340.13 
AT5.1 342.05 14.72 2.10 339.95 0.96 341.09 
AT5.2 342.66 29.64 2.10 340.56 1.77 340.89 
AT5.3 343.42 44.40 2.40 341.02 1.07 342.35 
AT6.0 (sw channel) 335.57 0.00 0.00 335.57 0.00 *335.57 
AT6.1 338.93 15.40 2.80 336.13 1.88 337.05 
AT6.2 339.91 30.65 3.35 336.56 1.70 338.21 
AT6.3 338.59 59.39 1.40 337.19 1.19 337.40 
AT7.0 (sw channel) 335.59 0.00 0.00 335.59 0.00 *335.59 
AT7.1 340.10 15.47 4.05 336.05 0.34 339.76 
AT7.2 339.62 30.67 3.40 336.22 2.49 337.13 
AT7.3 337.82 48.84 1.20 336.62 0.71 337.11 

 

The results of the estimation of the piezometric surface for the measurements conducted in May (figure13) 
show that the water table is generally sloping to the east, resulting in a groundwater flow in eastern 
direction according to Darcy's law. The water table upstream of structure 1 appears to be relatively flat 
and several local drainage points are identified, indicating that the local flow direction can vary greatly 
here. The drop in surface water elevation in the channel at structure 1, measured as the difference in 
elevation between AT3.0 and AT5.0,  is 3.20 m. At structure 2 the drop is 4.56, measured as the difference 
in elevation between AT5.0 and AT6.0 amounting to a total drop of 7.76 m over the two structures. 
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The largest affect of the structures on the water table appears to be closest to the structures, where the 
distance between the contour lines is the smallest and therefore the hydraulic gradient (dz/dx) the greatest. 
This high local dz/dx is a direct result of the potential created by the abrupt drop in surface water elevation 
over the structures. It appears that the radius of influence to where the structures affect the water table, is 
approximately 40 m, although this is a very rough estimation. 

 

Figure 13. The constructed piezometric surface for site A where the water table elevations measured on 7  May 2015 are 
expressed in masl. The course of the transects (AT1 - AT8) is marked by the blue lines connecting the locations. The white dotted 
line represents the boundary of the topographic depression. 

From the results of the piezometric surface it can be calculated that the average dz/dx between transects 
AT1 and AT5 is approximately 0.02 and the average dz/dx between transects AT5 and AT7 is 
approximately 0.05.  

 

Figure 14. Cross-sectional plot of topographic elevation (Z) and groundwater elevations (Zwt) along transect AT8. 
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The results of the cross-sectional plot along transect AT8 (figure14) show that the dz/dx appears to be 
highest between the sections AT3.2 - AT4.2 and AT5.3 - AT6.3. These are also the sections where a 
structure is present at the channel. The re-measurements in August along this transect show an elevated 
water table at each location but the increase can vary greatly between locations. Because of missing data 
points the cross section cannot be completed along transect AT8. 

5.1.2 Groundwater Dynamics along Eroded and Non-eroded Reaches 
The non-eroded reaches (figure15) upstream of the two structures are represented by cross sections along 
transects AT1 and AT2  (figure 17). Cross sections along transects AT6 and AT7 (figure 18)  represent the 
eroded reaches (figure 16) downstream of the two structures.  

 

Figure 15. The area adjacent to the non-eroded reaches upstream of structure 1 where transects AT1 - AT3 are located (a) and a 
close-up of the non-eroded reaches where the Palmiet wetland begins (b). 

 

Figure 16. The eroded reaches downstream of both structures (a) and a close-up of the gully wall in proximity to transect AT6 
and AT7 (b). 

Besides that the results show that all water table elevations along the eroded and non-eroded reaches are 
higher in August than in May (except for AT2.2), they also show that the flow regime changed 
significantly between the two months (figure 17 and 18) .  
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Figure 17. Cross-sectional plots along transects AT1 and AT2 at the non-eroded reaches where Zwt represents the water table 
elevation and Z the topographic elevation in masl. 

The results of water table elevations measured in May along the non-eroded reaches (figure 17) show that 
local drainage points are present but in general the water table is lightly sloping away from the channel 
resulting in an area of groundwater discharge with respect to the channel. No consistent pattern in 
groundwater flow could be identified for the behavior of the water table in August, thereby indicating 
unpredictable seasonal regime changes along these non-eroded reaches where the water table is relatively 
flat. 

  

Figure 18. Cross-sectional plots along transects AT6 and AT7 at the eroded reaches where Zwt represents the water table 
elevation and Z the topographic elevation in masl.  

The results of the water table elevations measured in May along eroded reaches (figure 18) show an 
approximately constant hydraulic gradient where the water table is sloping towards the channel resulting 
in an area of groundwater recharge with respect to the channel. The re-measurements in August show a 
clear groundwater divide along transects AT6 and AT7 between the channel and the topographic 
depression. Furthermore, the results of May show that the depth to the water table is significantly larger 
along the eroded reaches in comparison to the non-eroded reaches. This indicates that gully erosion has 
caused drainage of the inter-gully area (the area in proximity to the gullies), resulting in the lowering of 
the water table as the gullies deepen. Gully erosion is known to occur during wetter periods where the 
streamflow is increased. Therefore, the significantly higher water table in August indicates a higher risk of 
gully wall failure during August in comparison to May. Considering the slow diffuse flow across the 
wetland and the structures preventing the headcut from moving further upstream,  the risk of gully 
initiation along the non-eroded reaches is considered to be fairly low. 
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5.1.3 Sedimentary Soil Characteristics 
The riverbank at site A consists of sediment deposited by the tributary to the north. Different events over 
time created a layered soil sequence of mostly alluvial sediments consisting of a mixture of sand, silt and 
loam (figure 19). This indicates that the river bank contains cohesive as well as non-cohesive soils where 
the OM content does not exceed 17% and therefore no peat is present. The results show that the layers 
with a relatively high OM content often correspond with silt or loam. Even though the classification is 
only a rough representation of the soil characteristics, it provides a good indication of what type of soil is 
present which is important to know when investigating gully erosion and groundwater dynamics. 

 

Figure 19. Results of organic matter (OM) content and soil classification at several locations of site A. 
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5.1.4 Analysis of Longitudinal Cross Sections and Aerial Images 
In order to get an idea of the shape and extent of the topographic depression where locations AT6.3 and 
AT7.3 lie within, a longitudinal cross section is constructed where the depression can be seen in relation to 
the gully (figure 20). The cross section L1 (figure 20) shows that the topographic depression is nearly as 
deep as the incised channel. The earlier mentioned groundwater divide (figure 18) exists between these 
two features which is not unreasonable considering the extent of both features. Furthermore, it can be seen 
that the slope of the upper part of the gully walls is nearly vertical. This high slope in combination with 
the large gully depth increase the risk of gully wall failure.   

 

 

 

 

 

 

 

 

 
A series of aerial images of the topographic depression over the time period 2003 - 2013 is depicted in 
figure 21. From the image taken in 2003, when structure 1 had not been implemented yet, a feature exists 
which appears to be an old gully which has partially been overgrown by vegetation. Bare soil still remains 
visible close to the channel. This gully-like feature extends to about 30 m upstream from structure 2. The 
fact that it already existed before structure 1 was constructed proves that it was not originally formed by 
water flowing over the guide banks of structure 1 during peak flows. From the 2009 DEM a gully is 
clearly visible with a headcut. The images of 2011 and 2013 reveal that the former gully got filled up 
partially by man as sharp angles can be seen at the western part of the former gully. It is likely that the 
headcut got initialed during a peak flow event where the headcut migrated further upstream starting from 
the channel. If the headcut started here this would also explain why the width of the gully is largest near 
the channel.  
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Figure 20. A Google Earth image displaying the location and plot of cross section L1 (Google Earth 2013).  
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Figure 21. Google Earth images of site A for the years 2003 (a), 2011 (c) and 2013 (d). The 2009 image (b) is a DEM. 

The results of the aerial images 
(figure 21) also show that the 
eroded reaches downstream of 
the structures became 
significantly wider over the 
period 2003 - 2013, where some 
parts increased more than three 
times in width over the ten year 
period. Consequently, it can be 
stated that gully erosion was 
active during this period in the 
form of gully widening.  

By comparing the 2003 image 
to the 2013 image where the 
Palmiet wetland upstream of 
site A is displayed, it appears 
that the wetland slightly 
decreased in size (figure 22). 
This decrease is most notable 
along the northern boundary of 
the wetland where the nearby Figure 22. Google Earth images of the Palmiet wetland in 2003 (a) and 2013 (b). 

The contrast and brightness of the wetland are increased for a more clear view.  
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road can be used as a reference point for comparison. However, it is not necessarily true that this decrease  
is entirely part of the long term ongoing trend where the total area of peatland between sites A and B 
decreased from 0,77 km2 in 1942 to 0.62 km2 in 2003 (Nsor and Gambiza, 2013). It is possible that 
wetland size can slightly vary between seasons and both images represent different seasons as the 2003 
image was taken in May (late Autumn) and the 2013 image in September (early Spring). It is also possible 
that shorter term fluctuations between drier and wetter periods played a role. Available historic annual 
rainfall records for the upper reaches of the Kromrivier showed that the annual rainfall had slightly 
decreased between 1881 and 2007. Between this period there were nine years where annual rainfall was 
around 400 mm and five of these very low rainfall years occurred between 1988 and 2007 (Rebelo, 2012). 
This relatively dryer period could have led to a decrease in vegetation cover which in turn would lead to 
an increase in runoff and erosion. What is clear is that the Palmiet wetland decreased in size and the 
gullies significantly increased  in width since the implementation of the structures.  

From the DEM (figure 23) it can be seen how the alluvial fans created by the tributaries limit the aerial 
extent of the Palmiet wetland. At each section where a tributary enters the wetland from the northern 
mountain range and creates an alluvial fan, the wetland is significantly narrower compared to sections 
where no tributaries are present.   
 

 
 
Figure 23. A 2009 DEM of the area upstream of site A together showing the locations of the structures, tributaries and 
longitudinal cross section L2.  
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From the results of the longitudinal cross section L2 along the southern border of the Palmiet wetland 
(figure 23) it can be calculated that the longitudinal slope of the wetland upstream of the structures (S1 
and S2) is 0.79 %. With this slope and an approximate area of 0.28 km2 (28 ha) this wetland would fall 
just below the fit line for non-incised wetlands in figure 1 and currently the wetland is not incised.  
The 7.76 m drop in surface water elevation as a result of the two structures is more than half of total drop 
in elevation occurring over the total length of the Palmiet wetland. As a result, the structures not only 
prevent the headcut in the main channel from migrating upstream into the wetland, they also effectively 
elevate the surface water and groundwater elevation in upstream direction by damming, thereby 
promoting diffuse flow across the wetland and increasing the retention volume.  
 

5.2 Groundwater Dynamics and Sedimentary Soil Characteristics: Sites B and C 

5.2.1 General Groundwater Dynamics: Site B 
From the constructed piezometric surface at site B (figure 24) for the measurements of 10 May 2015 it can 
be seen that groundwater is generally flowing from north to south. The dz/dx generally fluctuates around 
0.05 which is in approximately in the same range as at site A.  

 

Figure 24. The constructed piezometric surface for site B where the water table elevations measured on 7 May 2015 are 
expressed in masl.  

The cross-sectional plots along transects BT2,  BT4 and BT7 (figures 25 and 26) show that the water table 
generally follows the topography where the water table is slightly higher in August compared to May. 
Several headcuts were found which appeared to be active as the slumping in the gullies looked very 
recent. Furthermore, the average depth to groundwater is very shallow in comparison  to site A which is 
not surprising considering the relatively low topography in relation to the surface water in the many small 
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channels. Therefore, it is expected that a large area will be fully saturated if one or more erosion-control 
structures were to be implemented at this site.  

  

Figure 25. Cross-sectional plots along transects BT2 and BT4 where Zwt represents the water table elevation and Z the 
topographic elevation in masl. 

 

Figure 26. Cross-sectional plot along transect BT7 and BT4 where Zwt represents the water table elevation and Z the topographic 
elevation in masl. 

5.2.2 Sedimentary Soil Characterics: Site B 
The sediments of the shallow subsurface at site B are predominently characterized as sandy (figure 27). 
However, several layers of loam and silt are also present and the OM content does not exceed 18%. As the 
Palmiet wetland starts approximatley 200 m downstream of site B, it is not expected to find a very high 
OM content in these soils. 
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Figure 27. Soil physical characteristics at site B. 
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5.2.3 General Groundwater Dynamics: Site C 
The constructed piezometric surface for site C shows that groundwater is generally flowing from west to 
east in the western part of the site and from north to south in the eastern part (figure 27). The contour lines 
seem to generally follow the flow direction of the channel, where the hydraulic gradient fluctuates 
between 0.01 and 0.02. This is significantly lower in comparison to the hydraulic gradients at sites A and 
B, which were around 0.05. 

 

Figure 28. The constructed piezometric surface for site C where the water table elevations measured on 7 May 2015 are 
expressed in masl.  

The results of the cross-sectional plots along transects CT2 and CT4  show that the water table is generally 
higher in August in comparison to May and during both months groundwater is slightly flowing towards 
the channel resulting in an area of groundwater recharge with respect to the main channel (figure 29).  

   

Figure 29. Cross-sectional plots along transects CT2 and CT4  where Zwt represents the water table elevation and Z the 
topographic elevation in masl. 
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The results of the cross-sectional plot along transect CT6 (figure 30), which is approximately parralell to 
the main channel, shows that the water table does not follow the topography and the increase in water 
table between May and August can vary greatly between locations. 

 

Figure 30. Cross-sectional plots along transect CT6 where Zwt represents the water table elevation and Z the topographic 
elevation in masl. 

5.2.4 Sedimentary Soil Characteristics: Site C 
The results show that all 
sediment samples 
obtained from the 
shallow subsurface at 
site C are characterized 
as sand where the OM 
content does not exceed 
4%. (figure 31). 
Furthermore, old Palmiet 
remainings, where the 
net structure of the plant 
was still intact, were 
found at many locations 
and up to depths of 2.6 
m. This strongly 
indicates that Palmiet has 
been dominating the 
Kromrivier valley for 
very long periods of 
time. Also, these 
findings strongly 
indicate that this wetland 
was subject to erosion 
events in the past. 

 

249 

250 

251 

252 

253 

0 20 40 60 80 100 120 140 160 

A
lti

tu
de

 (m
as

l) 

Distance from CT1.1 (m) 

Cross-sectional plot CT6 

Z (13 May 2015) 
Zwt (13 May 2015) 
Zwt (4 Aug 2015) 

CT1.1         CT2.1                    CT3.1                    CT4.1                                                                                          CT5.1  

Figure 31. Soil physical characteristics at site C. 
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6. Discussion 

6.1 Uncertainty in the Piezometric Surfaces 
The constructed piezometric surfaces represent a rough estimation of the groundwater flow and are subject 
to two main types of uncertainties. The first one arises from the measurement error in the water table 
elevations. This is estimated to be in the range of +/- 5 cm. The second type of uncertainty originates from 
estimating the contour lines between the data points in order to construct the piezometric surfaces. This 
uncertainty is far greater than the previous one and  is largest for areas where data points are scarce . For 
example, at site A the area with the greatest uncertainty in the piezometric surface is the area enclosed 
between transects AT5 and AT6 as these ones lie the furthest apart from each other. Therefore, the local 
dz/dx can easily contain an uncertainty of up to 100%. Despite the potential large uncertainty in the dz/dx 
and flow direction on a local scale, the estimated piezometric surfaces are considered to give a fairly 
accurate estimation of the general flow direction and dz/dx over larger distances. Consequently, as the 
estimation of the radius of influence to where the structures affect the water table is derived from the local 
changes in dz/dx in proximity to the structures, this estimation is subject to a relatively high uncertainty.  

6.2 Uncertainty in the Soil Classification Process 
For this study, a total of four soil classes where used. More classes were not expected to add any 
significant value to this study as only a general classification of the shallow subsurface was desired at the 
study sites. The uncertainty in the soil classification process is considered to be lowest for samples where 
field observations are combined with results of particle size distribution and organic matter content and 
highest for samples where only field observations are available. Although combining the tenth, fiftieth and 
ninetieth percentiles of particle size distribution gave a good indication whether a sample is either a silt, 
sand or loam, the results did not show exact percentages of clay, silt and sand. As the samples were 
defined according to the estimated position in the U.S.D.A soil textural diagram, it is possible that some 
samples which for example were classified as sand, were in fact closer to loam and vice versa.  

6.3 Gully Widening and its Potential Causes 
The stability of a gully wall depends on whether the driving forces are greater than the forces resisting 
erosion. The driving forces consists of three general forces: the weight of the soil, the weight of the 
existing water resulting from infiltration or an increase in water table, and seepage forces of percolating 
water. Weather the resisting forces are greater than the driving forces depend on factors like slope angle, 
soil characteristics, moisture conditions, and the amount of debris at the base of the gully wall (Bull and 
Kirkby, 2002). Changes in the driving forces are a result of changes in energy. Gully walls usually 
experience failure as a result of energy changes associated with variations in moisture content (Bradford 
and Piest, 1985). A change in moisture content is of great importance as it can strongly influence the 
shearing resistance of the soil. Slope failure of a gully wall resulting from an increase in moisture content 
occurs because the addition of water causes a decrease in apparent cohesion and an increase in weight and 
seepage. Cohesion can be reduced by vertical tension cracks that form as a result of wetting-drying cycles. 
When these cracks are filled up with water, the pore water pressure (uw) increases significantly which can 
often lead to failure (Bull and Kirkby, 2002). The results showed that the water table along the eroded 
reaches of site A increased between May and August of 2015, thereby implying that the moisture content 
varies between seasons allowing for wetting-drying cycles to occur.  
 
Studies by Fox et al. (2007) and Simon and Collison (2001)  imperially showed that soil erosion varied 
depending on the uw which is known as the pressure that exists in between the grains of soil (in the pores) 
at a certain depth below the saturated zone and it increases with depth as the mass of the above soil and 
water increases. Therefore, deep gullies with a high water table above the gully bottom typically have a 
high uw. For a gully bank to collapse the shear strength of the slip surface needs to be exceeded. This 
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generally either occurs because of a reduction in shear strength caused by an increase in uw, or because of 
an increase in stress caused by saturation or human activities (Alonso and Combs, 1990).  
According to Bull and Kirkby (2002) the factor of safety of a gully wall is linearly dependent on the shear 
strength along a certain surface. An increase in shear strength along a surface results in an increase in the 
factor of safety. From the Coulomb equation it can derived that an increase in uw and a decrease in 
apparent cohesion result in a decrease in shear strength, which in turn decreases the factor of safety, 
thereby increasing the likelihood for gully wall failure. The risk of erosion is known to be highest during 
periods of high streamflows resulting in a lower safety factor. As no gullies are present along the non-
eroded reaches and considering the diffuse flow across the wetland, the factor of safety is assumed to be 
significantly higher here in comparison to along the eroded reaches where large gullies exist. 
 
Human activity is considered to be minor as only the land owner has access to the land at site A and 
during the conducted fieldwork the cattle were only grazing in proximity to the Palmiet wetland and not 
along the eroded reaches. Considering that the water table was above the gully bottom during August as 
well as during the relatively drier period in May, it is not unlikely that a high uw exceeded the shear 
strength of the saturated soil, thereby forcing the soil to be pushed out of the gully wall, ultimately 
resulting in failure. A study by Tebulu et al. (2010) argued that this process was responsible for gully wall 
failure in the Ethiopian Highlands. The soil of the banks at site A was characterized as a combination of 
cohesive soil (silt and loam) and non-cohesive soils (sand). The stability of cohesive banks is strongly 
dependent on the slope angle of the bank as well as the gully height (Alonso and Combs, 1990). The great 
height of the gully walls (up to 4 m) and the nearly vertical slope angle therefore decrease the stability of 
the gully walls.  
 
The discussion around sidewall failure resulting in the widening of the gullied reaches at site A has 
revealed a likely potential causes. The potential causes were identified by linking together field 
observations, water table results, aerial images, other relevant scientific studies and the physics behind the 
stability of gully walls. The most compelling factors or features contributing to gully wall failure within 
this study were found to be: A large gully height of up to 4 m with nearly vertical slopes, a water table 
above the gully bottom and variations in moisture content between seasons. Gully height as well as 
moisture content  have a positive relationship to uw, meaning that uw increases if any of the two factors 
increase, thereby making gully walls more prone to failure.  

6.4 Effects of Erosion-control Structures  
The results showed that the hydraulic gradient at site A was the highest closest to the structures. This 
makes sense as the structures create an abrupt drop in surface water elevation where the horizontal 
distance over which the drop occurs (dx) is very small compared to the drop in elevation (dz). As a result 
of the created potential around the structures it is therefore expected for the hydraulic gradient to be the 
highest in proximity to the structures. As the side walls (guide banks) and a large part of the structures 
consist of gabion baskets which were manually packed with loose rocks that are not cemented together, 
the permeability is considered to be high which allows groundwater to flow through the subsurface part of 
the side walls with ease. Therefore, it is highly unlikely for the side walls to have a great influence on the 
water table. 

Since the implementation of the two structures in 2003, the main headcut in the channel has remained at 
the same location. This suggests that these structures have been effective until present with respect to 
stabilizing the main headcut in the channel. The results showed that the structures significantly elevated 
the water table in upstream direction, thereby increasing the saturation of the wetland and promoting 
diffuse flow. These are also part of the main purposes of the structures envisioned by WfW. However, it is 
not necessarily true that the elevated water table is in favor of the wetland health as a too much water can 
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cause anaerobic conditions that can potentially be damaging for some wetland plants. However, weather 
this is the case is beyond the scope of this study.  

Although so far the structures have been effective in protecting the upstream Palmiet wetland from gully 
erosion, the eroded reaches significantly increased in width between 2003 and 2013. The structures are not 
designed to prevent gully widening as they mostly alter the flow regime in upstream direction, and do not 
alter the total volume of water passing through the channel. However, it could be argued that without the 
structures the gullied reaches would have increased in width even faster. The reason for this is that the 
structures facilitate in creating a retention volume which partly cuts off the flood peak. This means that a 
certain volume of water during peak flows is temporally retained by the wetland which results in a 
temporary decrease in discharge as the same volume of water is now spread out over a longer time period. 
As gully erosion is known to occur during periods of high flows it could therefore be argued that the 
structures decrease the rate of gully widening, thereby decreasing sedimentation flux and contributing to a 
more sustained flow throughout the year. It is know that wetlands provide certain water filtering functions 
and therefore it could also be argued that if the structures are successful in preventing further degradation 
of the wetland, they also indirectly contribute to maintaining a the water quality. On the other hand, as the 
structures capture most of the sediment load in upstream direction, it appears that this has potentially led 
to the de-stabilization of the downstream stream bed as these reaches now receive a significantly lower 
sediment load.   

Besides looking at affects of structures over short times periods, it is also very important to take the larger 
time scale into account. This is especially important when acknowledging natural cycles that occur over 
long time periods. In this setting cutting and filling processes in particular are important. How these 
processes relate to a valley-bottom Palmiet wetland mentioned earlier, where Job (2014) argued that 
gullies tend to form and erode parts of the valley during wetter climate periods where the flow is 
increased, and during drier climate periods Palmiet colonizes the eroded channel again, allowing peat to 
accumulate. The fact that old Palmiet rests were found at various depths at site C support the theory of 
cutting and filling. As we are currently going through a relatively wet climate period, it is therefore not 
surprising in this context that gully erosion is occurring in the Kromrivier valley. It was argued that the 
main causes of wetland degradation are a result of land use and land cover change in the Catchment and 
wetlands (Rebelo, 2012 and Nsor, 2008). However, it is unclear to which extent these activities really 
contributed to the acceleration of gully erosion and what the state of the valley would be without any 
human impact. When relating the effects of the structures to the theory of cutting and filling, it could be 
argued that structures disrupt the natural long term cycles to a certain extent. In this context one could 
argue that the act of implementing structures implies trying to force a natural dynamic system to remain 
constant for as long as possible in order to benefit the needs of mankind. On the other hand adjusting 
natural systems in favor of mankind is what happens on a large scale throughout the world. A good 
example of this is the construction of hydro-power dams on natural rivers.  

6.5 Potential Effects of Implementing Erosion-control Structures at Sites B and C 
It is not unlikely that the implementation of one or more structures at sites B and C would result similar 
effects as at site A which could be summed as elevating the water table in upstream direction, thereby 
saturating larger areas and promoting diffuse flow. As two large Palmiet wetlands are enclosed between 
sites A and B, the implementation of one or more structures at site B would probably decrease the 
likelihood of gully initiation in the wetland as the structure(s) would partly cut off peak flows by 
increasing a retention volume in upstream direction. It is expected that a structure at site C would result in 
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similar effects. However, at approximately 700 m in upstream direction from site C, where a tributary 
enters the Kromrivier from the south, there is an existing structure which protects the small upstream 
Palmiet wetland (figure  32). If a structure was implemented at site C, this would result in an elevated 
water table between the existing structure and the new structure at site C. In order to secure the protection 
of the Palmiet wetland at site C and to potentially increase its aerial extent, it would be best to implement 
the structure at the downstream eastern boundary of the Palmiet wetland as this would prevent headcuts 
from migrating upstream into the wetland. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. A plane view from a 2009 DEM showing site C, the existing structure and 
the Palmiet wetlands.  
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7. Conclusions 
This study examined how erosion-control structures and gully erosion affected groundwater dynamics 
along the upper reaches of the Kromrivier. The results showed that the porous gabion side walls of the 
structures did not appear to have a large affect on the water table. The local dz/dx was highest in 
proximity to the structures as a result of the created potential induced by the abrupt drop in surface water 
elevation across the structures. The radius of influence to where the structures appeared to affect the local 
dz/dx was estimated to be approximately 40 m. The groundwater at site A was generally flowing from 
west to east, following the flow direction of the channel. The behavior of the water table follows Darcy's 
law (1856) and the relatively flat water table along the non-eroded reaches of site A showed that local 
drainage points were present, thereby indicating large variations in local flow direction. The river banks of 
site A consisted of a mixture of cohesive and non-cohesive soils (sand, silt and loam), whereas the soils at 
sites B and C were mostly sandy.   

The water table measured in May along the non-eroded reaches of site A was generally sloping away from 
channel resulting in an area of discharge. However, besides that the water table was generally higher in 
August, the regime had changed significantly. The depth to the water table in May along the eroded 
reaches was significantly higher than along the non-eroded reaches because deepening of the gullies by 
gully erosion caused drainage of the inter-gully area resulting in the lowering of the water table. In May as 
well as in August the water table was sloping towards the channel along the eroded reaches resulting in an 
area of groundwater recharge with respect to the channel. However, the results of August also showed a 
groundwater divide between the former gully to the north and the main channel to the south.  

Since their implementation in 2003, the structures have effectively prevented the headcut in the channel 
from migrating upstream into the Palmiet wetland. However, aerial images between 2003 and 2013 
showed that the gully width had increased significantly over the ten year period, where some sections had 
increased in width by a factor of three. The images also showed that the Palmiet wetland had slightly 
decreased in size between 2003 and 2013. However, it was unclear whether this decrease was entirely part 
of the longer term ongoing trend (starting from the first aerial images 1942), or whether the decrease could 
large be attributed to shorter term cycles and/or seasonal fluctuations.  
 
For a gully bank to collapse the shear strength of the slip surface needs to be exceeded and this often 
occurs because of an increase in the uw which causes a reduction in shear strength. A large gully height of 
up to 4 m with nearly vertical slopes, a water table above the gully bottom sloping towards the channel 
and an increase in moisture content between May and August at site A were factors that likely contributed 
to gully wall failure. An increase in gully height and moisture content both lead to an increase in uw. and 
therefore it is reasonable to believe that a high uw. played a significant role in gully wall failure.  
 
The two structures are responsible for a 7.76 m drop in surface water elevation, implying that by damming 
the structures elevated the water table in upstream direction, thereby increasing saturation and promoting 
diffuse flow across the Palmiet wetland. The structures also facilitate in ensuring flood retention as they 
increase the retention volume where water can be retained by the Palmiet wetland during high flows, 
thereby cutting off peak flows. As gully erosion is known to be highest during periods of high flow, it is 
not unlikely that without the structures in place, the gullies along the eroded reaches of site A would have 
increased in width even faster. Consequently, this implies that the structures have a positive effect on 
water quality and decrease the flux of sediment which is in favor of the life expectancy of the downstream 
Churchill Dam. However, the capturing of sediment by the structures in upstream direction appeared to 
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have significantly decreased the sediment load in downstream direction, thereby de-stabilizing the stream 
bed.  

The discovery of old Palmiet rests up to 2.6 m below the surface indicated that that cycles of gully erosion 
followed by the re-establishment of Palmiet appear to have been occurring in the Kromrivier valley for 
thousands of years, thereby causing the valley to widen. In this context it can be stated that the structures 
disrupt the long term natural cycle to a certain extent. Although gully erosion can be seen as a natural 
phenomena, land cover and land use changes appear to have greatly accelerated the degradation process 
during the last decades in the Kromrivier valley.  

This study contributed to developing an understanding of how the water table behaves in response to the 
structures and along eroded and non-eroded reaches of the Kromrivier. Furthermore, this study discussed 
the larger scale effects of the structures and showed how the gullies and the aerial extent of the Palmiet 
wetland have evolved since the implementation of the structures in 2003. In order to manage these Palmiet 
wetlands more effectively in the future, it is important that groundwater dynamics, gully erosion and the 
health and size of the Palmiet wetland is annually monitored. It is also desired to obtain a detailed 
understanding of weather a too high water table can lead to in the damage of Palmiet. This will facilitate 
in obtaining a more accurate understanding of the long term effectiveness of the structures and will 
ultimately allow to evaluate whether the structures are disrupting the functioning of the wetland in the 
long term. Furthermore, understanding the long term repetitive cycles of gully erosion followed by the re-
establishment of the Palmiet wetlands is of great importance with respect to proper management. This new 
obtained knowledge could also be applied to managing other peat lands in South Africa more effectively. 
Hopefully many future South African generations will still be able to enjoy the great benefits of these 
phenomenal Palmiet wetlands! 
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Appendix  
Table A- 1. Results of depth to water table (WT), topographic elevation (Z), water table elevation (Zwt) and distance from the 
surface water in the channel (D) for site B. Values with SW in front represent surface water depths.  

Transect 
Z 10 May 
2015 D (m) 

WT 10 May 
2015 (m) 

Zwt 10 May 
2015 (masl) 

WT 4 Aug 
2015 (m) 

Zwt 4 Aug 
2015 (masl) 

BT1.1 382.58 0.00 0.65 381.93 0.41 382.17 
BT1.2 382.55 9.16 0.72 381.83 0.64 381.91 
BT1.3 383.18 26.95 SW: 0.20  383.38 0.14 383.04 
BT2.1 382.22 0.00 0.85 381.37 0.69 381.53 
BT2.2 382.56 10.92 0.52 382.04 0.53 382.03 
BT2.3 382.80 23.60 0.67 382.13 0.18 382.62 
BT3.1 380.79 0.00 0.50 380.29 0.31 380.48 
BT3.2 382.03 22.06 0.05 381.98 0.00 382.03 
BT3.3 382.20 34.96 SW: 0.05 382.25 0.10 382.10 
BT4.1 381.30 0.00 1.54 379.76 1.25 380.05 
BT4.2 381.25 14.99 0.57 380.68 0.35 380.90 
BT4.3 381.75 33.66 0.01 381.74 0.02 381.73 
BT5.1 381.11 0.00 1.55 379.56 1.22 379.89 
BT5.2 381.24 24.76 0.10 381.14 0.03 381.21 
BT5.3 381.25 34.63 SW: 0.02 381.27 0.12 381.13 
BT6.1 379.58 0.00 0.60 378.98 0.51 379.07 
BT6.2 380.09 13.98 0.30 379.79 0.14 379.95 
BT6.3 380.66 29.68 SW: 0.03 380.69 0.14 380.52 

 

 

Figure A- 1. Cross sectional plot along transect BT8. 

  

Figure A- 2. Cross-sectional plots along transects BT1 and BT3. 
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Figure A- 3. Cross-sectional plots along transects BT5 and BT6. 

Table A- 2. Results of depth to water table (WT), topographic elevation (Z), water table elevation (Zwt) and distance from the 
surface water in the channel (D) for site B.  

Location 
Z [13 May 
2015] (m) D (m) 

WT [13 May 
2015] (m) 

Zwt [13 May 
2015] (masl) 

WT [4 Aug 
2015] (m) 

Zwt [4 Aug 
2015] (masl) 

CT1.1 252.49 0.00 2.00 250.49 1.62 250.87 
CT1.2 251.72 20.41 1.06 250.66 0.62 251.10 
CT1.3 251.31 35.23 0.43 250.88 0.58 250.73 
CT2.1 252.27 0.00 2.06 250.21 1.88 250.39 
CT2.2 252.36 16.79 2.02 250.34 1.70 250.66 
CT2.3 252.07 32.85 1.50 250.57 1.19 250.88 
CT3.0 (sw channel) 249.75 0.00 0.00 249.75 0.00 249.75 
CT3.1 250.54 5.67 0.30 250.24 0.34 250.20 
CT3.2 252.38 21.70 2.24 250.14 2.49 249.89 
CT3.3 251.49 44.47 0.80 250.69 0.71 250.78 
CT4.0 (sw channel) 249.56 0.00 0.00 249.56 0.00 249.56 
CT4.1 250.82 5.03 1.26 249.56 0.96 249.86 
CT4.2 251.98 29.78 1.99 249.99 1.75 250.23 
CT4.3 251.37 44.82 1.14 250.23 1.07 250.30 
CT5.1 251.52 0.00 1.89 249.63 0.00 251.52 
CT5.2 250.37 16.34 0.74 249.63 0.51 249.86 
CT5.3 249.93 26.08 0.18 249.75 1.68 248.25 

 

 

Figure A- 4. Cross-sectional plot along transect CT7. 
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Figure A- 5. Cross-sectional plots along transects CT1 and CT3. 

 

Figure A- 6. Cross-sectional plot along transect CT5. 
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