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Abstract: Soil erosion-associated sedimentation has become a significant global threat to sustainable
land and water resources management. Semi-arid regions that characterise much of southern Africa
are particularly at risk due to extreme hydrological regimes and sparse vegetative cover. This study
aims to address the need for an erosion and sediment delivery model that successfully incorporates
our conceptual understanding of sedimentation processes in semi-arid regions, particularly sediment
storage and connectivity within a catchment. Priorities of the Semi-arid Sediment Yield Model
(SASYM) were simplicity and practical applicability for land and water resource management while
adhering to basic geomorphic and hydrological principles. SASYM was able to represent multiple
sediment storages within a catchment to effectively represent a change in landscape connectivity
over geomorphic timeframes. SASYM used the Pitman rainfall–runoff model disaggregated to a
daily timescale, the Modified Universal Soil Loss Equation (MUSLE), incorporating probability
function theory and a representation of sediment storages and connectors across a semi-distributed
catchment. SASYM was applied to a catchment in the Karoo, South Africa. Although there were
limited observed data, there was a historical dataset available for the catchment through dam
sedimentation history. SASYM was able to effectively present this history and provide evidence for
landscape connectivity change.

Keywords: semi-arid; sediment storage; connectivity; erosion model

1. Introduction

Although erosion is a natural landscape process, the evolutionary timescale is being
modified by human impacts on land and water resources. Soil erosion and sedimentation
is a global problem as the world’s population grows and our resource requirements expand.
This has serious environmental, economic and social consequences, including loss of
productive land, sedimentation of reservoirs, reduction of water quality for human use
and impacts on aquatic ecosystems [1–8]. These issues are particularly problematic in the
semi-arid regions of developing countries, as many are vulnerable to reductions in soil
productivity and water availability. Unfortunately, the physical characteristics of semi-arid
areas, together with poor land management, have meant that the landscape is predestined
to high erosion and sedimentation rates [3,4,9]. These characteristics linked to the negative
impacts on soil productivity have meant that there has been a significant focus on land
degradation by land managers. What is lacking is a tool which effectively quantifies
sediment yield in these data-poor regions.

The ability to predict sediment yield is hampered by limited understanding of the
drivers of erosion and the use of inappropriate prediction methods. Quantifying this
process is problematic due to the difficulty in obtaining and verifying information on the
complex suite of sediment sources, pathways, transport rates and delivery mechanisms [10].
The problem is compounded in data-scarce developing countries. Africa is consistently
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under-represented in global sediment yield compilations due to the limited number of
sediment yield observations available [11].

It has long since been recognised that sediment yield at the catchment outlet does
not necessarily reflect the gross soil erosion within a catchment due to depositional
losses [12–15]. Meade [14] emphasised that sediment particles entrained by water erosion
are more likely to spend a short amount of time being transported relative to that in storage.
More attention therefore needs to be paid to the role of sediment stores in moderating
catchment sediment yield.

Sediment yield models to date have not dealt effectively with the issue of scale as
modelling approaches have either applied a sediment delivery ratio to erosion estimated
from upscaled simplistic plot models (e.g., Soil and Water Assessment Tool (SWAT) [16])
or attempted to incorporate a full suite of catchment scale processes, creating unneces-
sary complexity (e.g., Agricultural Catchments Research Unit (ACRU) [17]). The major
limitations in available models are either the lack of consideration of sediment deposition
and storage within a catchment or the use of too many parameters, which are difficult to
calibrate in data-poor regions.

The overall aim of the research presented here was therefore twofold: first, to provide
a qualitative understanding of the sediment dynamics of semi-arid regions of South Africa
and, second, to use this understanding to develop a quantitative erosion and sediment
delivery model that provides a simple and practical tool for land and water resource
managers. The model, called the Semi-arid Sediment Yield Model (SASYM), was tested by
applying it to scenarios of historical landscape connectivity change in a catchment in the
semi-arid Karoo of South Africa. Hypotheses proposed to explain a response to land use
change were tested using SASYM.

2. Sediment Processes in Semi-Arid Areas

All landscapes adjust and evolve but what is important for sediment management is
to explain the controls that drive process interactions, how they have changed or adjusted
over time and to interpret what has triggered these changes [18]. Differing controls on
landscape behaviour operate over variable spatial and temporal scales. These can be
effectively represented through the traditional notion of scales of river structure, that is the
source, transfer and sink concepts as defined by Schumm [19].

In the source zone, sediment comes primarily from the detachment of soil cover
by the erosive agents of raindrop impact and runoff [20]. Once detached, soil particles
are transported by flowing water and deposited, where low slope gradient or dense
ground cover decrease velocity. In semi-arid areas the protective role of vegetation cover
characteristic of humid climates [21] is restricted by low moisture availability. Often a
pattern of bare and vegetated patches is formed, causing runoff to be highly discontinuous
owing to nonuniform infiltration [22]. The relationship of vegetation cover and water
availability is highlighted in “badland” areas where erosion is particularly rapid that re-
establishment of vegetation cover is inhibited, further enhancing erosion through positive
feedback [23]. Extremely high drainage densities in badlands are regarded as evidence of
the dominance of overland flow [24].

Sediment conveyance in the transfer zone of semi-arid areas is characteristically
“jerky” [25,26]. Irregular rainfall events and depressed water tables have meant that most
dryland rivers are ephemeral, with channels flowing infrequently and for short periods [27].
This creates a hydrological “disconnect” through the tendency of dryland rivers to experi-
ence downstream decreases in flow volume, normally as a result of transmission losses
from floodwater infiltrating into channel boundaries, overbank flooding and evapora-
tive losses [28,29].

Diminished discharge due to transmission losses and a decline in slope results in
a decrease in stream power and the deposition of excess sediment in storage zones, or
sinks. These sinks may be temporary, persisting between significant storm events, or may
act as long-term sediment stores in the form of floodplains, fans, floodouts or reservoir
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sediments. Sinks can be reworked and become sediment sources during high magnitude
events or once the storage capacity is effectively filled. Gully erosion is a common process
responsible for reworking long-term hillslope or valley floor sinks, while at the same time,
increasing connectivity within the landscape [30–32].

Depending on the position of fluvial landforms and their sediment residence time, at
any one time, parts of a catchment may be actively contributing sediment to the sediment
cascade, considered to be analogous to being “switched on”, others may be inactive and
“switched off” [33]. In semi-arid systems, the pattern of source, transfer and sink zones,
as well as the level of (dis)connectivity is more likely to reflect the last high magnitude,
low frequency event that was able to “flush out” sediment through the system [19,34,35].
Sediment moves in infrequent bursts each time the valley floor channel is reactivated [26].

3. Model Design Criteria

The qualitative understanding of semi-arid regions was built into the design of the
SASYM model through meeting four sets of criteria. First, SASYM was required to be
applicable to semi-arid areas where flows are episodic and sediment travels through a
disconnected sequence of stores. The episodic nature of flow means that, second, SASYM
had to operate at short time steps in response to short lived storm events. Third, SASYM
was designed to be compatible with a hydrological model familiar to South African water
engineers, and fourth, the model structure should avoid unnecessary complexity that
requires calibration of many parameters.

Bryson [36] provides full details of the SASYM development. Here, we explain how
SASYM is structured to take account of key processes in semi-arid catchments, including
connectivity in the sediment cascade in terms of source, transfer and sink process. We
demonstrate its successful application to a South African catchment that provided a rare
opportunity for model calibration owing to observations based on palaeo-environmental
reconstruction of dam sedimentation rates spanning over 100 years [37].

4. Conceptual Basis of the Model

In accordance with the important factors related to sediment dynamics in semi-arid
catchments, SASYM is separated into surface flow, erosion and an estimation of sediment
storage and delivery. A conceptual framework was translated into a set of model equations
governed by a set of parameters. The equations through which erosion and sediment
transport are estimated are detailed in Appendix A for erosion estimation and Appendix B
for sediment transport estimation. These parameters and outputs from a rainfall–runoff
model are the inputs to SASYM. The model outputs are the total mass of daily erosion and
total mass of sediment delivery at various points within the system.

4.1. Runoff Modelling and Catchment Zones

The surface flow estimation is determined through the use of the Pitman rainfall–
runoff model [38] to allow for an effective integration of a widely used hydrological model
that many South African water resource managers are already familiar with. Runoff events
in semi-arid areas are typically short lived, often lasting for less than a day. Sub daily
rainfall is seldom available to modellers; pragmatically SASYM needs to run on a daily
time step if processes are to be effectively simulated. Inputs to the Pitman model are daily
rainfall but as the conventional model runs on a monthly time step the generated flows
must be disaggregated to daily using a monthly–daily flow disaggregation method [39].

The catchment is portioned into zones through a conceptualisation of gradient, al-
though it is acknowledged that, in reality, more complex factors are involved. These zones
are divided into steeply sloping headwater areas around the catchment boundary (H), less
steep mid-slope areas (M) and the lower flatter valley bottom areas (L). Model parameters
are required to specify the proportion of the total catchment area occupied by these three
zones. The combined catchment zones (i.e., H, M, and L) can be considered as the “source”
zone for erosion in the catchment.
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4.2. Estimating Erosion

Many advanced erosion and sediment yield models are based on modifications of
the Universal Soil Loss Equation (USLE) [40]; the accuracy of sediment yield estimates is
compromised by the limited consideration of deposition processes or gully and stream bank
erosion [41]. Despite these limitations, the USLE, Modified Universal Soil Loss Equation
(MUSLE) [42] and Revised Universal Soil Loss Equation (RUSLE) [43] are several of the
most widely applied erosion models in the world [41].

Consistent with many sediment yield models, the erosion module of the SASYM,
applied to each source zone, was based on the MUSLE procedure. MUSLE [44] replaces
the rainfall energy factor of the USLE with a runoff factor, which is claimed to be a better
representation of the driver of erosion in semi-arid areas [45]. A review of the international
application of MUSLE has been presented by Sadeghi et al. [46], who evaluated the appli-
cable conditions and methods used to determine the MUSLE model variables in research.
They concluded that application of the MUSLE model may provide reasonable results
when applied under appropriate conditions similar to the original model (i.e., plot scale) or
when the model factors are calibrated in accordance with the research context. Although
this equation may not be considered mathematically sound on its own [47,48], integrating
it with a sediment transport model makes more sense.

In SASYM, sediment within each catchment zone is made available through the
process of surface erosion, estimated for each time step as a function of hillslope surface
runoff in accordance with the MUSLE [42] (Appendix A). Probability function theory is
used to allow for the stochastic nature of erosion. This calculation is based on the estimation
of factors for runoff (R) [44], topography (LS) [49], cover (C) [40], practice (P) [40] and soil
erodibility (K) [50] by randomly sampling uniform probability distributions of the factors
in each runoff zone. Estimation of the surface flow for the three catchment zones depends
on calculation of the proportions of the catchment in each zone, daily surface runoff depth
([51] baseflow separation method), a storm duration–volume relationship scaling factor
and power and constant parameters.

4.3. Sediment Routing

Fryirs [52] suggests that the best approach to deal with the issue of scale in sediment
delivery modelling is to focus on the sediment cascade and analyse the strength of linkages
within a catchment. Sediment flux may primarily be reflected in the reorganisation of
temporary sediment stores within the catchment rather than as a direct change in the
catchment sediment yield [33,53]. A lumped model is not able to reflect this behaviour;
therefore, a semi-distributed modelling approach is more appropriate.

Sediment routing considers the movement of sediment from the “source” zone into
“transfer” or “sink” zones. In SASYM, the available sediment produced by the erosion
sub-model either enters storage within the catchment or is removed from the catchment at
its outlet as depicted in Figure 1. The driver of this process is runoff. Each catchment zone
(H, M, and L) is assumed to have two storage components, one representing hillslopes
and one representing channel features (gullies or channels). The sediment availability
calculated from the erosion model for each runoff zone (SAH, SAM, and SAL) is assumed
first to be added to the slope storage within the catchment zone (SH, SM, and SL). The
slope storage can then contribute to the channel storage within that zone according to
an assigned proportion (CpropH, CpropM, and CpropL), as well as to slope storage in a
lower zone (SH leading to SM and SM leading to SL). The channel storage in each zone
can also contribute to the channel storage in a lower zone. The main channel storage
receives sediment from the slope (SL) and channel storage (CpropL) of the low catchment
zone. Any outputs from the main channel storage represent the total catchment sediment
delivery. Over time, changes to the strength of connectivity between landscape units
may be represented through incorporation of a “switch”. Adjustments of the degree of
connectivity will be considered as an adjustment to the strength of connectivity between



Land 2021, 10, 1204 5 of 20

the “source” and “sink” zone via manual adjustment of the “transfer” zone. This increases
the proportion of sediment moving between sediment stores.
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Figure 1. A conceptualisation of the erosion and sediment yield model, indicating the two types of
storage in each catchment zone and the movement of sediment between zones along a longitudi-
nal profile.

The sediment delivery during any day of the time series is determined by: (1) the
relative amount of sediment in storage; (2) the relative size of any day’s runoff event
compared to the maximum size of a runoff event expected in the specific catchment; and
(3) a parameter representing a flow threshold for sediment movement.

4.4. Representing (dis)Connectivity

A change in landscape connectivity is represented through changing the proportion
of sediment stored in the “transfer zone” or the gully connectors (Figure 2). A change in
connectivity within the time series can be manually adjusted by running the model twice
with different connectivity proportions and then combining the outputs.
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(b) presents a connected catchment. Refer to Figure 1 for a description of the key.

5. The Study Catchment

The Karoo of South Africa is a landscape of semi-arid plains interspersed with flat-
topped hills and mountain ranges. River network rejuvenation and associated incision
since two periods of tectonic uplift have resulted in almost all catchments in the region
being predestined to erosion [54]. Small catchments within this region have been the focus
of significant erosion and sedimentation research over the past decade [31,37,55]. One of
these catchments, Cranemere, was used for model testing. Key features of the catchment
can be seen in Figures 3–5 and Table 1.

Table 1. Characteristics of the Cranemere catchment.

Area (km2) Elevation (masl) Drainage Density (km/km2) Max Potential Sediment Storage (Kt)

Headwater Mid-Slope Lower Slopes Channel

57 753–1507 0.13 1500 13,500 138,000 110

The Cranemere catchment (32◦31’47′ ′ S; 24◦59′37′ ′ E) (Figure 3) contains one of the
first farm dams built in the Karoo, in 1843. It therefore provides a lengthy record of
sediment delivery rates [37]. The catchment has an area of 57 km2 and its topography is
comprised largely of a gently sloping plain with mountains occupying a small area in the
north [56]. The drainage system is complex with clearly defined gullies that in certain areas
are disconnected from the main channel and the main channel itself becomes indistinct
where several alluvial fans and floodouts have significant capacity for sediment storage,
as can be seen on Figure 3. Cranemere catchment presented a high potential for sediment
storage (Table 1).
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Figure 3. Cranemere dam catchment. The mid-slope zone (not identified) lies between the headwater
and lower zones and is characterised by gully erosion.

Foster and Rowntree [37] reconstructed the historical changes in sediment source,
transfer and yield for the Cranemere catchment using a palaeo-environmental reconstruc-
tion of dam sedimentation rates. The reconstructed sediment yield for the Cranemere
catchment showed significant temporal variability. Low yields (less than 25 t km2/y)
dominated the period from the 1840s to 1930s, where after sediment yields increased to a
peak of just under 250 t km2/y in the late 1960s. This was followed by a decline to around
150 t km2/y up until 2011 [37]. The cumulative yield post 1970 is estimated at 7525 t/km.

Foster and Rowntree [37] suggested that these significant changes in sediment yield
through time were due to a combination of changes to rainfall erosivity, land cover and
catchment connectivity. They proposed that in the Cranemere catchment a change in
connectivity occurred in 1950 when floodouts were reworked and connectivity to stored
sediment was increased by a straightened cut channel and road culverts that increased
connectivity with the dam (Figure 3).

Three hypotheses were proposed [37] to explain the temporal variation in sediment
yields observed in this catchment. The first relates to inherent variation in rainfall, the
second to a change in vegetation cover due to overstocking and local cultivation, and the
third to a change in connectivity between sediment sources and the catchment outlet. These
three scenarios form the basis of model testing as presented in this paper.
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Data Preparation

Data were required for surface flow, erosion and sediment delivery estimation. The
surface flow estimation required rainfall data, which was obtained from the Cranemere
Farm daily gauge for 1901 to 2004. The catchment zone delineation was based on a
topographic assessment using a 30 × 30 m Digital Elevation Model (DEM) interpolated
from contour data in a Geographical Information System (GIS). This DEM was also used
in erosion estimation through the flow accumulation and slope equations, as input to the
topography factor [49]. The soil erodibility factor was estimated from land-type data for
South Africa, available from the Agricultural Research Council Institute for Soil, Climate
and Water [57]. The soil particle size from the land-type data was compared to the table
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presented by Mitchell et al. [50]. The cover factor was estimated from the vegetation
type distribution for South Africa from the South African Biodiversity Institutes GIS
resource [58]. As this is a coarse scale interpretation of vegetation cover, it was necessary
to refer to a Google Earth imagery to determine the actual vegetation characteristics and
compare with the table in Wischmeier and Smith [40]. The observed sediment yield data
were obtained from the Foster and Rowntree [37] study.

6. Results
6.1. Surface Flow Distribution and Connectivity

In the Cranemere catchment the highest proportion of the runoff depth distribution
occurred in the low catchment zone, or flatter valley bottom areas, due to accumulation
from upslope. In the absence of short interval runoff observations, estimated values
for the runoff parameters are uncertain, which will affect the accuracy of peak values
used in the erosion model and therefore the simulated erosion values. Each catchment
zone is expected to contain smaller channels or gullies that increase its connectivity to
both the preceding (upslope) zone and the main channel. Although the flow in these
channels was not modelled, they were used to represent the transfer of sediment through
zones. The estimation of the degree of connectivity, or proportion of “gully connectors”,
of each catchment zone was determined through field visits to the catchments as well as
from relevant literature [37]. A “switch” in connectivity was modelled by adjusting the
gully/connectivity proportions.

6.2. Sediment Yield Estimates and Scenario Testing

The model was used to test the three hypotheses proposed by Foster and Rowntree [37]
to explain changing sediment yields (Table 2). To test the first hypothesis (increases in
erosion a response to increased frequency of erosive storms), the model was run with
the rainfall input using observed data from the Cranemere catchment (Cranemere Farm
gauge) from 1901 to 2004 to reflect the natural variability. Increases in the frequency of
large magnitude storm events after 1950 explained certain observed increases in sediment
yields in both catchments. The second hypothesis, that increased erosion was a response
to a decreased vegetation cover, was tested by reducing the cover factor from 0.5 to 0.3.
The simulation used the observed rainfall as for simulation 1. Decreasing the vegetation
cover factor after 1950 added significantly to sediment delivery to the dams. However, the
modelled results oversimulated erosion (Table 3).

Table 2. Scenarios for model testing.

Scenario Description Results

1 No parameter changes
Rainfall was an important driver for the observed increase in sediment yield
in the latter half of the century but did not explain all of this increase. Other

variables will also be important.

2 Decrease in vegetation cover after 1970
Changing the vegetation cover impacts directly on erosion estimates, which
were overestimated, with a n increase in sediment delivery, but modelled

sediment yields underestimated observed rate.

3 Increase in landscape connectivity after 1970 Increased connectivity meant that there were more sediment delivery events
and an improved correlation with the observed sediment yield.

The third hypothesis was tested by changing the connectivity factor from 0.1 to 0.5
in the mid-slope and low catchment zones. The modified cover factor was retained as for
simulation 2. This combination gave the best relationship between observed and simulated
sediment yield (Table 3). The best correlation with observed yield was obtained when a
connectivity switch with cover factor change was included in the model. The increased
connectivity meant that there were more sediment delivery events as the catchment became
more active. Erosion and sediment yield were in balance by the end of the period indicating
all eroded sediment was being delivered to the dam (Figure 6).
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Table 3. Comparison of results for scenario testing in the Cranemere catchment.

Scenario 1 Scenario 2 Scenario 3

Pre-1970 Post-1970 Pre-1970 Post-1970 Pre-1970 Post-1970

Cumulative modelled erosion (t.km2) 4000 10,000 5500 13,000 3000 10,000
Cumulative modelled sediment yield (t.km2) 2000 3500 2000 4000 4000 10,000
Cumulative observed sediment yield (t.km2) 2000 10,000 2000 10,000 2000 10,000
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The “flashiness” of flow was represented as significant peaks in surface flow through-
out the time series. These were important events in the model as they acted to effectively
“flush out” sediment from temporary stores. An increasing trend of frequency and magni-
tude of runoff events during the latter half of the time series in response to the increase in
the amount and intensity of rainfall was noted (Figure 7). The erosion and sediment yield
outputs for the Cranemere catchment closely followed the surface flow, although the large
runoff event in 1932 resulted in a comparatively small sediment yield event due to the start
of the time series representing a disconnected catchment (Figure 7). The sediment delivery
outputs also had extreme “pulses” of sediment delivery, following periods of low flow.
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An inspection of individual runoff events indicates that a peak in sediment yield
occurred on the day following the peak in surface flow and erosion (Figure 8). This
represented the “sediment cascade” as sediment would move through individual storage
zones before being released as sediment delivered at the catchment outlet. The “flushing”
effect, observed when a second event follows closely on a previous one, was also evident
from the modelled output (Figure 6). Runoff from the second event carried less sediment
as stores had been depleted by the first one. These examples indicate that both runoff and
sediment availability are driving factors in the sediment delivery component of the model.
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7. Discussion
7.1. Extent to Which the Model Was Successful

The qualitative understanding of semi-arid region hydrology and geomorphology
assisted model development through representation of four criteria: representation of
episodic flow, operation at short time steps in response to short lived storm events, com-
patibility with Pitman rainfall–runoff model and limiting complexity through using few
parameters. The performance of the model in relation to the former two criteria are
discussed below.

The representation of variable rainfall was reliant on the daily rainfall data input to
the Pitman rainfall–runoff model. Daily rainfall data may be, in practical terms, the most
appropriate data to apply to the Pitman model; however, storms are generally short lived
in semi-arid areas, often lasting less than an hour. High intensity, short duration rainfall is
most effective in detaching soil and generating overland flow. Whilst this characteristic was
not necessarily represented, the “flashiness” of flow on a daily time scale was represented
through significant peaks over the time series. These were important events in the model
as they acted to effectively “flush out” sediment from temporary stores. Although a trend
of increasing rainfall magnitude and intensity was evident during the latter half of the
century, this was not considered to be the only factor causing an increased sediment yield.

The Cranemere catchment has a low relief terrain as most of the catchment has a
gentle gradient, providing a large capacity for temporary storage in the form of floodouts
and alluvial fans. This difference in relief was represented through the topography factor.
In general, topography may determine the degree of connectedness or level of sediment
yield of a catchment. A steep catchment tends to be more connected than a catchment in
gently sloping terrain [33]. High relief promotes the generation of sediment and efficiency
of sediment conveyance of hillslope-derived sediments, whilst in contrast, a low relief, low
drainage density catchment, with relatively small source areas and extensive sediment
stores, represents a disconnected catchment. In a low energy setting, sediment conveyance
is restricted to episodic, infrequent, large magnitude events, with temporary stores having
the potential to be maintained for many years.

The use of a storage and connectivity component in the model was considered im-
portant as sediment which is made available by the erosion model does not immediately
reach the catchment outlet, but rather moves within a “sediment cascade”. This was
represented through the storage zones and gully or channel connectivity within each
zone. Only during infrequent, high magnitude events would the entire catchment area be
considered effectively connected and the maximum storage zones would be “flushed” of
stored sediment.

The Cranemere catchment experienced significant changes in catchment connectivity
during its sedimentation history. This related to the reworking of landscape units which
act to disconnect a catchment [33]. The temporal variability of catchment disconnectivity
is related to the size and sedimentary composition of the landscape unit or temporary
storage zone and the magnitude–frequency of geomorphically effective events that rework
these obstructions to sediment delivery. This provides a conceptualisation of a catchment
system reliant on event-driven connectivity to rework temporary sediment stores. The
spatial pattern of these landscape units influences the timeframe over which sediments
are reworked in different landscape compartments. In the Cranemere catchment, it was
hypothesised by Foster and Rowntree [37] that a change in connectivity occurred in 1950
when the main channel was connected to the catchment outlet. The “sediment cascade”
component of the model is reliant on both available sediment and the magnitude of the
runoff event. By incorporating a “switch” in catchment connectivity in the model, it was
possible to represent this important characteristic in the Cranemere catchment.
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Without the incorporation of the storage zones, an erosion model would overestimate
sediment yield. Model testing showed that although runoff was a significant driver of
erosion, for sediment delivery the activation of storage zones was a more important control.
The model showed connectivity changes to be more important for sediment delivery
than changes to vegetation cover or rainfall. The inclusion of a “switch” allowed the
incorporation of landscape scale changes to catchment connectivity that were able to model
the observed increases in sediment delivery.

7.2. Likely Source of Error

In South Africa, as is common in many underdeveloped countries, model optimisation
is difficult due to the issue of finding consistency in parameter values in a region where the
reliability and accuracy of input data are questionable [59]. Optimisation processes tend to
generate parameter values that account for errors in the data rather than the real signal.
An understanding of the model and sediment system is critical to the calibration exercise
to reduce these errors.

A limitation of the model is that sediment is assumed to travel sequentially through
the storages of three runoff zones before reaching the main channel and delivering sedi-
ment to the outlet. In reality, different parts of the catchment are better connected to the
main channel than is represented in the model, especially when it is applied to a large
catchment. The implication is that the sediment routing process requires modification
when applied to larger catchments, perhaps by partitioning into smaller sub-basins whose
sediment outputs are combined through a further “main channel” delivery storage. Appli-
cation of the model to a much larger catchment was less successful than when applied to
smaller catchments [36].

Transmission losses are an important component of semi-arid hydrology [60–64].
Transmission losses would be expected in the larger, flatter Cranemere catchment and the
flow frequency characteristics of the lower catchment zone will be different from those
of the headwater catchment zone. However, the model uses a single input time series
to determine these characteristics, indicating that surface flow characteristics have not
been effectively represented in the surface flow component of the model. The effects of
transmission losses are therefore not accounted for within a single sub-catchment of the
hydrological model. This represents a significant limitation to the surface flow estimation
component and, in turn, the erosion and sediment delivery components. This can be
overcome by partitioning the catchment into smaller sub-catchments and including an
additional channel sediment storage-routing function to link them.

The runoff component of the erosion model is based on estimates of the peak instan-
taneous surface runoff rate with a fixed power function. The instantaneous runoff rate
has to be estimated from the daily input-flow data and relies on assumptions about the
likely shape of hydrographs at sub-daily time scales (through parameter values). In the
absence of adequate data to determine the relevant parameters, there is high uncertainty
concerning the runoff inputs into the erosion model.

7.3. Comparison with Other Models

The USLE, RUSLE and Soil Loss Estimation Model for Southern Africa (SLEMSA) [65]
have been the most widely applied empirical models in southern Africa [66]. After sen-
sitivity testing, the dynamic and flexible approach of the RUSLE was found to be more
advantageous than the strict empirical structure of the USLE and SLEMSA [67]. The user
interface has also improved over the years with the RUSLE incorporating GIS and algo-
rithms to describe topographic and hydrological factors. This has been beneficial in the use
of the RUSLE for regional erosion studies [68] as an input to the Revised Sediment Yield
Map for South Africa [69]. The use of empirical models as a “screening tool” in data-poor
regions such as South Africa has meant that they are more popular than deterministic
models [67]. Their low data requirements and practical applicability have also made them
more attractive to managers [41].
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Empirical USLE-derived models have also been incorporated into continuous simu-
lation models such as ACRU developed for application to South African catchments [17]
and SWAT [16]. The USLE-related component of the models estimates erosion from the
catchment surface; sediment delivery to the catchment outlet is estimated through a sedi-
ment delivery ratio that expresses the percentage relationship between annual sediment
yield and the modelled annual gross erosion [15]. In the ACRU Modelling System, the
sediment yield from a catchment or land use unit is computed with the MUSLE imbed-
ded in the modelling system [70]. ACRU does not model gully erosion or provide for
temporary storage. Therefore, the modelled absolute and relative sediment yields will
only be representative of erosion characteristics. The SWAT model uses the RUSLE in the
modelling system, with similar limitations as ACRU [71]. Le Roux [71] investigated the
sediment yield potential of the sub-humid Tsitsa catchment, a tributary of the Mzimvubu
in the in the Eastern Cape, using a combination of the ARC–Swat–12 model to simulate
rill and inter-rill erosion and a gully module that estimated sediment yield from mapped
changes to gully extent and sediment delivery based on gully connectivity. Storage was
not considered.

One strength of empirical models based on the application of a sediment delivery
ratio to USLE-derived erosion estimates is their use for assessing the impact of land use
change on sediment yield. This does not account for change to landscape connectivity and
storage, which are important drivers of sediment yield, especially in semi-arid catchments.
Although the use of simple empirical models is considered practical by water resource
managers, the limited understanding and modelling of sediment storage and catchment
connectivity will mean that they will focus on erosion factors (i.e., rainfall, soil, vegetation
or topography) rather than sediment delivery factors (i.e., landscape connectivity and
storage). The SASYM allows managers to look beyond erosion factors and consider
sediment storage and delivery. This is an important consideration in semi-arid regions and
reinforces Fryirs’ [5] conclusion that an understanding of the internal dynamics of sediment
storage in a catchment proceeds certain ways to solving the sediment delivery problem.

7.4. Model Applicability

Although the SASYM was developed with the Pitman rainfall–runoff model in mind,
it is applicable for use with other daily time step hydrological models. The runoff inputs are
included in SASYM as a text file; therefore, runoff inputs from other hydrological models
can be used if they are prepared with a compatible text file.

It is planned to include SASYM within the Water Quality Systems Assessment Model
(WQSAM) [70]. Apart from sediment itself being an important water quality variable
affecting water for use by humans and aquatic ecosystems [2–5,72], there are important
interactions between sediment and other key water quality variables, such as pesticides [73],
metals [74] and nutrients [75]. It is therefore important to include sediment within a water
quality model to accurately represent these interactions.

Although designed specifically for semi-arid regions, the conceptual framework of
SASYM can also be applied to more humid areas. Gwapedza et al. [76] applied a modified
version of Bryson’s [36] model to the Inxu, a tributary of the sub-humid Tsitsa River catch-
ment, for which short-term suspended sediment data were available. Adding a storage
component to the MUSLE model significantly improved sediment yield estimates. Connec-
tivity was not considered by these authors [76], despite the ubiquitous gully networks.

Understanding the impact of climate change on landscape processes is critical for
determining what strategies are necessary for managing land and water resources in the
future [26]. Sediment dynamics of semi-arid catchments are complex, making it difficult
to predict how climate change will affect landscape processes and dynamics. Given that
extreme magnitude runoff events dominate sediment delivery, focusing on the impact
of climate change on extreme events is crucial [52]. However, application of the SASYM
model to two semi-arid catchments has supported the notion that sediment processes are
not only controlled by the direct effects of climate, but also by indirect structural changes to
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the landscape [36]. Changes in connectivity can mediate the effect of changes in sediment
flux associated with an altered flow regime. Climate change, therefore, may be manifested
through its effects upon landscape connectivity [52]. Moreover, change can cascade through
a system such that it is important to consider the spatial and temporal scales of a catchment
that can cause time lags in the system response.

8. Conclusions

The SASYM is useful as it uses an overarching framework of connectivity to deal with
the issue of scale. The concept of connectivity reflects the interactions and feedbacks of
different catchment compartments or “catchment zones” under changing conditions and
will determine the propagation of the effects of the change as the structure of the landscape
is transformed [77]. This assists land and water resource managers with a conceptual
understanding of change at a landscape scale, which will be useful in collaboration and
decision making (i.e., for the South African NatSilt Programme). The SASYM will also
act as an informative tool for other water quality models. As the model is run on a
daily timescale, water quality predictions may be related to specific sediment delivery
events. The “sediment cascade” component of the model will allow for the identification of
particular storage zones where nutrients may collect along with sediments. Water resource
managers in semi-arid, developing countries are faced with significant infrastructural,
logistical and environmental challenges with limited resources with which to face these
challenges. Models need to be designed to give useful predictions using available observed
data. This constrained the development of the SASYM model to be for situations with
limited data. Typically for model development under such data constraints, a strategy of
requisite simplicity [78] is followed. Here, only the most important processes explaining
the majority of variation in the observed data are included, with the results of a model
generated at spatial and temporal scales that are useful for water resources management,
and not necessarily for rigorous scientific research at for example the plot scale.

The SASYM is representative of semi-arid catchments, where sediment delivery usu-
ally occurs during infrequent, high magnitude runoff events. This model has potential to
fill a gap in the water resources modelling tools in regions, where available models are
either too complex for data-poor environments or do not account for important processes
within a semi-arid catchment. It provides a simple representation of the stochastic nature
of erosion and sediment delivery over large spatial and temporal scales. It is considered
a useful tool for long-term management of sedimentation in reservoirs and short-term
management of water quality in semi-arid regions where water is a limited resource.
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Appendix A

Daily flows (m3 s−1) are required for the erosion estimation. These can either be an
unbroken time series of observed daily flow, daily flow estimated from a daily hydro-
logical model such as the Agricultural Catchments Research Unit (ACRU) model [17], or
monthly flow simulated from a monthly hydrological model such as the Pitman Model [38]
disaggregated to daily using a monthly to daily disaggregation routine (e.g., [39]).
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Daily flows are separated into surface and subsurface flow fractions, namely surface
flow, interflow and groundwater flow, all in m3 s−1, using the baseflow separation method
by Hughes et al. [51].

The catchment surface flow volume is calculated from surface flow (Flows):

Vsf = [Flow]_s × 0.0036 × 24, (A1)

where Vsf is the surface flow volume in million cubic meters (MCM) per day.
The storm duration associated with surface flow on each day is then calculated:

D = [D_Scale (Vsf)]DP + D_con, (A2)

where D is the duration (hours), and Dscale, DP and Dcon are the scaling, power and
constant parameters, respectively, for calculating the duration. All three runoff zones are
assumed to have the same duration of runoff.

The peak discharge for each runoff zone is calculated assuming a double triangle
shaped hydrograph:

Q_Hp = (2 × [Flow]_s × 24)/(0.75 × D), (A3)

Q_Mp = (2 × Q_Hp × 24)/(0.75 × D), (A4)

Q_Lp = (2 × Q_Mp × 24)/(0.75 × D), (A5)

q_Hp = ((Q_Hp × 3.6)/A_H), (A6)

q_Mp = ((Q_Mp × 3.6)/A_M), (A7)

q_Lp = ((Q_Lp × 3.6)/A_L), (A8)

where QHp, QMp, and QLp are the peak runoff flows for the high, medium and low runoff
zones, respectively (in m3 s−1), AH, AM and AL are the areas (km2) of the high, middle
and low runoff zones, respectively, and qHp, qMp and qLp are the peak runoff depths for
the high, medium and low runoff zones, respectively (in mm h−1).

The runoff depths for the high, medium and low runoff zones are then computed
based on the assumption that the high runoff zone generates 75% more runoff than the
moderate runoff zone, which in turn is assumed to generate 75% more than the low
runoff zone:

Depth = ([Flow]_s × 86.4)/A_H, (A9)

[Depth]_H = Depth/(H + (M/1.75) + (L/3.0625)), (A10)

[Depth]_M = [Depth]_H/1.75, (A11)

[Depth]_L = [Depth]_H/3.0625, (A12)

where Depth is the runoff depth for the entire catchment (mm day−1), H, M and L are the
proportions of the entire catchment area falling within the high, medium and low runoff
zones, respectively, and DepthH, DepthM and DepthL are the runoff depths (mm day−1)
for the high, medium and low runoff zones, respectively.

Daily sediment availability is calculated using the Modified Universal Soil Loss Equa-
tion (MUSLE) [44].

SA = R × LS × K × C × P (A13)

where SA is the daily sediment availability (tons ha−1), R is the runoff factor, C is the cover
factor, LS is the topography factor, K is the soil erodibility factor and P is the practice factor.
Equation A13 would be run separately for each runoff zone, where LS, K, C and P would
be related to the characteristics of the catchment area in a specific zone, and R would also
be related to a specific runoff zone; therefore, for the high runoff zone for example:

R_H = 1.586 × [([Depth]_H × q_Hp)]0.56 × A_H0.12. (A14)
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Appendix B

The maximum storage capacity for each runoff zone as well as for the main channel is
calculated by:

S_max = A × p × d, (A15)

where Smax is the maximum sediment storage capacity (kg) of the runoff zones or main
channel, A is the area (m2) of the runoff zone of channel, p is the bulk density (kg m2) and
d is the maximum depth (m) of the stored sediment.

The proportion of gully or channel storage in each runoff zone is then calculated:

C_prop = LnDD, (A16)

where Cprop (constrained between 0.1 and 0.8) is the proportion of the total storage in a
runoff zone that is assumed to be represented by gully or channel storage and DD is the
drainage density (km km2) of the channel features in that zone.

Sediment is added to the three slope storage zones during each time interval of
the model:

SS(t) = SS(t−1) + S_input, (A17)

where SS(t−1) is the sediment storage at the end of the previous time interval, SS(t) is the
new storage (before transport of other storages) and Sinput is the sediment generated form
the soil loss estimation procedure described in Appendix A.

The output from each storage component is calculated using the peak surface runoff
(qsed mm h−1) for that runoff zone relative to the maximum mean daily total flow depth
(qmax mm h−1) for the whole catchment (over the whole time series) and a threshold flow
depth (qt, mm h−1), as well as a power function for the amount of sediment currently in
storage relative to the maximum possible storage.

For the main channel storage, the peak runoff value is based on the total flow (not
only surface runoff) depth during the day for the whole catchment. The maximum mean
daily total flow depth is pre-calculated from the full time series of flow data input from the
hydrological model.

If qsed > qt then:

S_out = (q_sed-q_t)/(q_max-q_t) × SS × [([SS/S]_max)]pow (A18)

For the three slope sediment storage components the Cprop value (i.e., the proportion
of total sediment storage for the runoff zone that is considered to be in channel features) is
used to determine the destination of the sediment delivery. Sout × Cprop is added to the
channel storage within the same runoff zone, whereas Sout × (1 − Cprop) is added to the
slope storage of the next runoff zone in the cascade. The outputs from the channel storages
are directed to the next channel storage in the cascade, whereas all of the outputs from the
lower runoff zone are directed to the main channel. The outputs from the main channel
become the final sediment delivery for the total catchment.
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