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Abstract 

 

Stream Flow Reduction Activities (SFRAs), i.e. targeted land uses utilising more water than the 

natural vegetation they replace, and the payment of a compensatory levy for those land uses, has 

been a contentious issue in the South African agricultural sector since the promulgation of 

SFRAs in the National Water Act of 1998. Sugarcane has on numerous occasions been identified 

as a potential SFRA. In a detailed study carried out in the Mgeni, Mvoti and Mhlatuze 

catchments of KwaZulu-Natal, impacts of dryland sugarcane and production forestry on unit 

runoff, as well as impacts of actual areas under sugarcane and forestry, on accumulated 

streamflows were assessed at a resolution of the 90 Quinary sub-catchments making up the three 

catchments. Simulations with the daily time-step, process-based ACRU hydrological model of 

changes in in loco as well as of accumulated downstream streamflows indicates that impacts of 

sugarcane are relatively small, with sugarcane utilising in places more and elsewhere less water 

than the natural vegetation it replaces. While in certain local inland areas reductions of up to 

3.5% were simulated for individual Quinaries, by the time accumulated streamflows reached the 

estuaries of the three catchments the totalled streamflow reductions were modelled to be only 

0.54% for the Mgeni, 0.35% for the Mvoti and 0.17% for the Mhlatuze catchment – considerably 

lower than corresponding impacts of upstream forestry. These findings, and the more detailed 

results on unit runoff reductions by sugarcane versus those by forestry presented in the paper, 

need to be borne in mind if sugarcane were to be considered a SFRA.    
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Introduction 

 

The impacts that different land uses and management practices may have on downstream 

hydrological responses (e.g. runoff and its components of stormflow and baseflow, or 

evapotranspiration) have long been appreciated in South Africa and remains a point of 

contention in the management of the country’s water resources. For example, first mooted in the 

1930s and put into operation in the late 1940s, were a number of paired experimental catchments 

under the auspices of the erstwhile SA Forest Research Institute (SAFRI), to assess impacts of 
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commercial production afforestation on natural catchment streamflow regimes in different 

rainfall regions of South Africa (e.g. reviews by Scott et al., 1998; Gush et al., 2002). Results 

were essentially conclusive, viz. that trees ‘used’ (i.e. evapotranspired) more water than the 

natural vegetation they replaced and hence reduced runoff by varying amounts depending on 

climate, species and degree of afforestation (e.g. Bosch, 1982). Consequently, the Afforestation 

Permit System was instituted in 1972, culminating in the National Water Act of 1998 identifying 

production forestry as the first ‘Stream Flow Reduction Activity’ (NWA, 1998) for which a 

regionally determined levy has to be paid to compensate for the additional water usage over and 

above that of the natural vegetation it replaces. 

 

Also in the 1980s, what is now the SA Sugarcane Research Institute initiated a cluster of small 

experimental catchments at La Mercy on the north coast of KwaZulu-Natal to assess influences 

of different management practices on runoff and sediment yield from sugarcane plantations (e.g. 

Haywood and Schulze, 1990; 1991). It is from these catchment studies that Smithers et al. 

(1996), Smithers and Schulze (1996) and Schmidt et al. (1998) derived representative values of 

critical sugarcane related variables for use in the ACRU hydrological model (Schulze, 1995 and 

updates) when simulating the hydrology from sugarcane plantations under different management 

scenarios and different climatic regimes (e.g. Talanda et al., 2007) as well as on issues of 

potential designation of sugarcane as a SFRA (e.g. Schulze and Horan, 2004; Jewitt et al., 2009). 

 

The objective of this study was to assess impacts of dryland (i.e. rainfed) sugarcane and of 

selected forest species on hydrological responses, first by modelling unit runoff reductions by 

assuming the entire area to be under cane/forest, and secondly by simulating accumulated 

downstream streamflows from the actual areas under cane/forest at the spatial resolution of 

Quinary sub-catchments for the Mgeni, Mvoti and the Mhlatuze catchments in KwaZulu-Natal, 

South Africa. These simulations were undertaken to assess whether or not dryland sugarcane 

could be designated a SFRA. The steps in achieving this objective include: 

 

• configuring the Mgeni, Mvoti and Mhlatuze catchments for use with the ACRU daily time-

step and process-based hydrological model at spatial resolutions of Quinaries and HRUs (i.e. 

land use based Hydrological Response Units);   

• obtaining regionalised above-ground, surface and below-ground input information for 

sugarcane as well as for key forest species, and for the natural vegetation they would replace; 

• setting up climate files for ACRU model runs and running the model for the land use 

scenarios in the above step for a 50 year daily historical climate record for each Quinary 

catchment;  

• producing statistics from the above ACRU model runs for individual Quinary unit runoff and 

for accumulated downstream flows using the actual areas under cane/forest; and  

• interpreting the results in regard to considering whether or not dryland sugarcane could be 

designated a Stream Flow Reduction Activity. 

 

Method 

 

Location of the three study catchments 

The Mgeni, Mvoti and Mhlatuze catchments of, respectively, 4 469, 2 758 and 4 254 km2, are 

located in the summer rainfall region along the eastern seaboard of South Africa (Figure 1). The 
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mixed farming and industrialised Mgeni catchment contains Pietermaritzburg, the capital of the 

KwaZulu-Natal province and Durban which is Africa’s largest port, while the Mvoti and 

Mhlatuze are largely under intensive agriculture in the west and along the coast, with the 

Mhlatuze also being characterised by heavy industrial development around the bulk port of 

Richards’ Bay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. General location of (from south to north)  

the Mgeni, Mvoti and Mhlatuze catchments. 

 

 

 

Sub-delineating the catchments for land use impact studies 

In order to isolate where, within the three catchments, various streamflow responses/impacts are 

occurring, and how they cascade from upstream to downstream areas and eventually into the 

Indian Ocean, the catchments were sub-delineated into areas of more homogeneous agro-

hydrological responses in regard, for example, to climate, soils and baseline land covers, with the 

flowpaths from upstream to downstream then having to be clearly defined.  

 

South Africa’s 22 Primary Catchments are sub-delineated into Secondary, and those in turn into 

Tertiary and those further into 4th level Quaternary catchments. Many Quaternaries, however, 

still contain considerable heterogeneity in regard to altitudinal differences, climate, soils and 

baseline land cover. For comparative studies on the sensitivities and impacts of individual land 

uses such as dryland sugarcane or forestry each Quaternary is therefore further sub-delineated by 

sophisticated GIS procedures, into a 5th level made up of three agro-hydrologically more 

homogeneous Quinary catchments within a Quaternary (Schulze and Horan, 2010). This sub-

delineation, and how water flows from an upper Quinary (by altitude) to a middle and then a 

lower one downstream, and then from the lower Quinary within one Quaternary to the next 

downstream Quaternary is shown in Figure 2. 
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Figure 2. Diagram illustrating the sub-delineation of Quaternary catchments (large blocks) into 

Quinary catchments (three smaller blocks within each Quaternary) and, in turn, their sub-

delineation into Hydrological Response Units (five smaller, numbered blocks within each Quinary), 

with triangles indicating where dams (if present) and their impacts are modelled. 

 

In order to isolate further the impacts of individual land uses found within one Quinary, the 

Quinaries are further sub-delineated into five Hydrological Response Units, or HRUs, as in 

Figure 3. For this particular study those areas under baseline land cover (i.e. the reference land 

cover) were assigned to HRU1, those under other critical land uses (e.g. eucalypts and wattle) to 

HRU2 and HRU4, with areas under dryland sugarcane assigned to HRU5. From this sub-

delineation the Mgeni Catchment’s 12 Quaternaries thus contain 36 Quinaries (12 x 3) and 180 

HRUs (36 x 5), while the 9 Quaternaries of both the Mvoti and Mhlatuze systems each contain 

27 Quinaries and 135 HRUs, thus giving a total of 450 HRUs for which simulations/analyses 

were undertaken. 
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Figure 3. Details of a Quinary catchment’s sub-delineation into land use based Hydrological 

Response Units, with HRU1 reserved for areas under baseline land cover, HRUs2 to 4 for other 

land uses critical to this study and HRU5 for sugarcane. 

 

Selection of the hydrological model for land use impact studies 

In order to model runoff from different baseline covers, as well as modelling runoff from other 

critical land uses and from dryland sugarcane, a model is required that can capture above-ground, 

surface and below-ground plant characteristics, and explicitly model stormflows as well as 

baseflows. One such model is the ACRU agrohydrological modelling system (Schulze, 1995 and 

updates). ACRU is a daily time-step and physical conceptual agro-hydrological model, of which 

the major multi-layer soil water budgeting processes are illustrated schematically in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4, Schematic of major processes represented 

in the ACRU model (after Schulze, 1995). 

 

In the model, that rainfall that is not abstracted as plant interception or removed as stormflow, 

enters through the surface layers to reside in the topsoil which, when filled to beyond its drained 

upper limit (‘field capacity’), redistributes  (i.e. drains) excess  water  into  subsequent  soil  

horizons at a rate dependent on respective horizon wetnesses, soil textures and/or impeding 
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layers. Evaporation occurs simultaneously from the various soil horizons, dependent on root 

mass distribution, atmospheric demand and the respective horizon wetnesses. Runoff is produced 

as the sum of stormflow and baseflow, with both of these generated explicitly in the model; 

stormflow after initial abstractions, which depend on the magnitude of rainfall and the soil’s 

wetness from a defined critical depth of soil, are satisfied, and baseflow from excess water 

percolating through the bottom of the root zone into an intermediate (vadose) and then into the 

groundwater stores, from where baseflow is produced by slow release of water into streams 

connected to the groundwater. 

 

The runoff responses of the ACRU model have been widely verified against observed runoff 

from catchments under both dryland sugarcane and forestry by, for example, Schulze and George 

(1987), Jewitt and Schulze (1999), Haywood and Schulze (1991) and Schmidt et al. (1998).  

 

Runoff responses are either expressed as those from an individual catchment, or as accumulated 

streamflows, i.e. the runoff generated within a Quinary catchment, or HRU from the stormflow 

and baseflow components making up the runoff, is added to the runoff of downstream 

catchments. Any runoff from upstream catchments is thus taken into account (i.e. it is 

accumulated) when the streamflow of a given Quinary catchment is calculated. 

 

Climate databases 
 

All simulations were run with a 50 year (1950-1999) climate dataset for each Quinary catchment. 

This dataset contained daily values of quality controlled rainfall (derived from Lynch, 2004), 

quality controlled daily maximum and minimum temperatures (derived from Schulze and 

Maharaj, 2004) and daily values of solar radiation, maximum and minimum relative humidity 

and potential evaporation by the Penman-Monteith technique (using approaches refined by 

Schulze and Chapman, 2008; Schulze et al., 2008), with all climate variables adjusted 

appropriately (e.g. in the case of rainfall by month-by-month relationships with altitude, distance 

from the ocean, and windward/leeward side of mountain ranges; for temperatures by regionalised 

and monthly lapse rates; Lynch, 2004; Schulze and Maharaj, 2004; Lumsden et al., 2010) so that 

the daily values are representative of the relatively homogeneous and hydrologically interlinked 

Quinary Catchments (Schulze and Horan, 2010). 

 

Relevant background to the catchments and the hydrological simulations 

 

Annual rainfall 

While sugarcane cultivation is constrained by low winter temperatures, mean annual 

precipitation (MAP, mm) is a broad indicator of sugarcane production potential. Quinary 

averaged statistics on MAP are given in Table 1. The biggest range in MAPs occurs in the Mgeni 

catchment and the smallest in the Mvoti, with both displaying highest annual rainfalls in the 

higher altitude western source areas and again in the coastal zone (not shown here; see Schulze, 

2010). This pattern is repeated in the Mhlatuze catchment, but with a much more distinct belt of 

higher rainfalls along the coast. 
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Table 1. Quinary level statistics on MAP in the  

Mgeni, Mvoti and Mhlatuze catchments. 

Catchment Quinary MAP (mm) 

Average  Highest Lowest 

Mgeni   933 1375 730 

Mvoti   900 1121 773 

Mhlatuze 1007 1281 747 

 

Plant available water capacity as an integrated hydrological soils indicator  

Individual soil characteristics which are important in hydrological simulations include soil 

thicknesses, wilting points, field capacities, porosities or saturated drainage rates of individual soil 

horizons. However, rather than illustrating all these, values of a single comprehensive hydrological 

soil indicator, viz. the Plant Available Water Capacity (PAW, mm), which integrates the effects of 

both soil texture and thicknesses of the respective soil horizons, are given in Table 2. 

 
Table 2. Statistics on plant available water capacity in the three study 

catchments (Source information: Schulze and Horan, 2008; Schulze et al., 2010). 

Quinary 

Statistic 

Plant Available Water (mm) 

Mgeni Mvoti Mhlatuze 

Average   83   80   69 

Highest 116 110 124 

Lowest   51   58   40 

 

The Mhlatuze has the highest range of, and at 69 mm the lowest average, PAW, with the lowest 

range found in the Mvoti catchment. When PAW is mapped (not shown in this paper), the Mgeni 

and Mvoti catchments have the highest values and probably the most productive soils in their 

upper reaches while the Mhlatuze also displays high PAWs along the coast. 

 

Land cover and land use information from a hydrological modelling perspective 

In comparative studies on impacts of different land uses on hydrological responses, the 

hydrological attributes of a reference land cover against which impacts are being assessed, as 

well as the attributes of the specific land uses under scrutiny – in this instance sugarcane and 

production forestry – are required as model inputs. Important hydrological considerations 

regarding streamflow generation of both the reference land covers and the key land use are 

therefore discussed below. 

 

In the context of this study land cover is defined as being made up of major natural vegetation 

types, while land use constitutes the human activities that are undertaken on the land, again in 

this case conversion of natural vegetation to sugarcane and forestry plantations. As with soils, 

land cover and land use play significant and dynamic roles in plant and soil water evaporation 

processes as well as on runoff generation, and the characteristics of land cover and the type, 

extent and intensity of land use become drivers of the water availability from a catchment. 

 

While it is not the most recent vegetation classification for South Africa (see later), a vegetation 

classification that has become accepted to represent baseline, i.e. reference, land cover conditions 

in Southern African for scientific applications in hydrological modelling of SFRAs is that by 
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Acocks (1988), who delineated Southern Africa into 70 so-called ‘Veld Types’. Figure 5 (left) 

shows the spatial distribution of the eight Veld Types found within the three study catchments, 

with grassland Veld Types of relatively low biomass prevailing in the interior of the catchments, 

the higher biomass forest-like Veld Types along the coast, and savanna-like Lowveld and Valley 

Bushveld clearly evident in the warmer valleys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. (Left) Baseline (i.e. reference) land cover represented by Acocks’ Veld Types (Source: 

Acocks, 1988; Schulze, 2004) and (right) locations of areas currently under sugarcane in the Mgeni, 

Mvoti and Mhlatuze catchments (NLC, 2000). 

 

When investigating effects of different baseline land cover conditions on hydrological responses, 

hydrological attributes of each of the baseline land covers, which were derived by Schulze 

(2004), are given as input into the ACRU hydrological model on a month-by-month basis. These 

attributes are: 

 

• the water use coefficient, commonly known as the crop coefficient, which expresses the 

fraction of water evapotranspired by the Veld Type in comparison with a reference potential 

evaporation, in the case of this paper the A-pan equivalent, assuming the plant is not under 

any soil water stress; 

• the interception of rainfall (mm) by a plant on a day with rain; 

• the fraction of root mass distribution in the topsoil, with the remaining roots in the subsoil;  

• the percentage of root colonisation within the subsoil, which expresses the percentage of the 

soil matrix from which roots can extract water, assuming that the topsoil is fully colonised by 

roots and that they have access to any available water from that soil horizon;  

• the surface litter/mulch cover (%), which retards soil water evaporation losses; and  

• the coefficient of initial abstraction, which is an index of infiltrability of rainfall into the soil 

and is dependent on ground cover characteristics as well as on rainfall intensity. 

 

At the present point in time (2015) these attributes have not, as yet, been derived for the more 

recent and more refined vegetation classification for South Africa by Muscina and Rutherford 

(2006), but these should become available by 2017.  
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To illustrate how baseline land cover water uses vary from Acocks Veld Type to Veld Type, and 

also within a year for a given Veld Type, and how different baseline land covers could thus result 

in different impacts when their evapotranspiration and runoff are compared to those from a 

specific land use, the monthly water use coefficients are given as A-pan equivalents (the standard 

generally used in the ACRU model) in Table 3. From the table it is seen that while mid-summer 

water use coefficients are relatively similar for the eight land cover types, two factors stand out 

as important in the context of this impact study between the relatively high biomass sugarcane 

and the baseline vegetation it replaces when SFRAs are assessed, viz. 

 

• the Coastal Forest and Thornveld, with its high biomass throughout the year, may display 

relatively little hydrological differences with sugarcane plantations should cane replace this 

vegetation type, with cane even using less water than this natural forest type (cf. Table 3), 

and secondly, 

• the predominantly grassland Highland Sourveld, Mistbelt Ngongoni Veld and Southern Tall 

Grassveld, each with lower above-ground biomasses than sugarcane, especially in the dry and 

cold winter months when the grasses senesce and their water use coefficients then decrease 

considerably, implies that sugarcane potentially uses more soil water and may thus have 

higher runoff impacts than the grassland it replaces. 

 
Table 3. Month-by-month A-pan equivalent water use (crop) coefficients for the eight Acocks Veld 

Type classes found in the Mgeni, Mvoti and Mhlatuze catchments (Schulze, 2004), and those for 

selected forest species and for sugarcane (Sources: Singels and Donaldson, 2000; Lecler, 2004; 

Jewitt et al., 2009; Schulze and Schütte, 2014). 

Veld Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Coastal Forest 0.85 0.85 0.85 0.85 0.75 0.65 0.65 0.75 0.85 0.85 0.85 0.85 

Highland Sourveld 0.70 0.70 0.70 0.50 0.30 0.20 0.20 0.20 0.50 0.65 0.70 0.70 

Lowveld 0.80 0.80 0.80 0.65 0.55 0.40 0.40 0.40 0.60 0.75 0.75 0.80 

Mistbelt Ngongoni 

Veld 
0.70 0.70 0.70 0.50 0.35 0.25 0.20 0.20 0.55 0.60 0.70 0.70 

Ngongoni Veld 

Zululand 
0.70 0.70 0.70 0.65 0.55 0.50 0.50 0.55 0.60 0.65 0.65 0.70 

Southern Tall 

Grassveld 
0.75 0.75 0.75 0.50 0.40 0.20 0.20 0.20 0.55 0.70 0.75 0.75 

Valley Bushveld 0.75 0.75 0.75 0.65 0.55 0.20 0.20 0.40 0.60 0.75 0.75 0.75 

Zululand Thornveld 0.80 0.80 0.80 0.70 0.65 0.50 0.50 0.60 0.75 0.80 0.80 0.80 

Eucalyptus grandis 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 

Acacia meansii 0.90 0.90 0.90 0.88 0.85 0.86 0.89 0.90 0.92 0.92 0.90 0.90 

Sugarcane Coast 0.95 0.97 0.97 0.84 0.88 0.75 0.78 0.73 0.83 0.83 0.92 0.88 

Sugarcane Inland 0.90 0.96 0.98 0.84 0.83 0.69 0.71 0.64 0.70 0.76 0.81 0.83 

 

In a manner similar to the example in Table 3 on the monthly differences in the water use 

coefficient between different baseline land cover types, tree species and sugarcane, there are 

differences (not shown in this paper) on a month-by-month basis on canopy interception per 

rainday, the distribution of roots in the top- and subsoils and the coefficient of initial abstraction 

(an index of infiltrability) of the eight baseline land cover types. Other hydrologically important 

plant attributes such as the percentage of root colonisation in the subsoil and the percentage of 

surface litter/mulch have all been assigned the same values for each month of the year for a 
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particular baseline land cover (but they vary among Veld Types), and the soil moisture content at 

which plant stress commences has been assumed for all natural vegetation to be at 0.4 of PAW. 
 

Some other ACRU model input variables for sugarcane grown along the warmer coast and in the 

cooler interior of the study catchments where growth is slower, as well as those for selected 

competing tree species in regard to SFRAs, are given in Table 4, with values derived from 

fieldwork and summarised in Jewitt et al. (2009) and Schulze and Schütte, (2014).  
 

Table 4. Hydrological attributes of sugarcane and the selected forest species modelled  

in this study (Sources: Jewitt et al., 2009; Schulze and Schütte, 2014). 

Variable 
Sugarcane 

Coastal 

Sugarcane 

Inland 

Acacia mearnsii 

(Wattle) 

Eucalyptus 

grandis 

Fraction of roots in topsoil 0.75 0.75 0.83 0.76 

Interception (mm) per rainday 1.9 1.7 2.5 2.0 

Stress fraction (of PAW) 0.4 0.4 0.5 0.1 

Coefficient of initial abstraction 0.35 0.35 0.35 0.35 

Root colonisation in subsoil (%) 50 40 60 60 

 

How much sugarcane and afforestation is there in the study catchments? 

Cultivation of sugarcane and competing forestry plantations is extensive in the Mgeni, Mvoti and 

Mhlatuze catchments. Areas under sugarcane and forest plantations are given in Table 5 while, 

additionally, the areas under sugarcane plantations have been shown in Figure 5 (right). In total 

77 200 ha are under sugarcane and 192 700 ha are under tree plantations, with eucalypt species 

dominating in all three catchments. In simulations the clearfelled forests in each Quinary were 

assigned to be whatever the dominant species was in that Quinary.  

 
Table 5. Extent of areas under sugarcane and forest plantations 

in the study catchments (Source: NLC, 2000). 

Catchment 

Area 

(km2) 

Sugarcane 

(ha) 

Acacia 

spp (ha) 

Eucalyptus 

spp (ha) 

Other species 

(ha) 

Clearfelled 

Forest (ha) 

Mgeni 4 469 25 300   8 900 30 400 20 100   9 400 

Mvoti 2 758 20 700 11 600 31 000   2 300 10 500 

Mhlatuze 4 254 31 300      700 46 900   5 300   5 600 

 

Results 1. A comparison of unit runoff responses from 

baseline land cover, sugarcane and selected forest species. 

 

What is unit runoff? 

Runoff, in the context of this study, is the sum of the stormflow plus the baseflow generated from 

an individual spatial entity (in this case a Quinary catchment or a HRU) with its unique climate, 

soil and land use characteristics. Runoff as defined above does not include any flows 

accumulated from any upstream catchments. Runoff responses therefore characterise what 

occurs just within that spatial unit. Its importance lies in being able to isolate/identify that spatial 

unit’s hydrology with no other interferences/influences. Unit runoff is the runoff expressed in 

mm equivalents, in which case direct response comparisons can be made between 

Catchments/HRUs.  
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In this particular component of the study mean annual runoffs between baseline land covers and 

sugarcane as well as two tree species representing eucalypts and wattle are assessed and 

compared, assuming that the entire Quinary is covered by a specific land use. Additionally, 

because impacts of evergreen and often deep rooted forest and sugarcane plantations are 

hypothesised to be more severe in drought years than in average years, some of the assessments/ 

comparisons are also made for the year with statistically the lowest runoffs in 10 years. 

 

Mean annual unit runoff under baseline land cover conditions, and unit runoff reductions 

assuming entire Quinaries to be under sugarcane plantations 

When comparing the three catchments it is seen from Table 6 that the Mhlatuze, at 257 mm 

equivalent runoff, has the highest catchment averaged unit runoff, largely because of high 

runoffs simulated along the high rainfall coastal areas (Figure 6, left), and the Mvoti has the 

lowest averaged unit runoff. However, the flows among Quinaries vary most in the Mgeni 

catchment, which contains Quinaries with both the highest (574 mm) and lowest (66 mm) unit 

runoff. When it comes to unit runoff in the year in 10 with lowest flows, the percentages in 

brackets in Table 6 show the Mhlatuze to be the most severely affected catchment at only 19% of 

average flows and varying among Quinaries between 9 and 21%, while the Mgeni appears 

relatively less impacted in years with low flows. 

 
Table 6. Statistics on annual unit runoff in the Mgeni, Mvoti and  

Mhlatuze catchments under baseline land cover conditions, with values 

in brackets denoting percentages of corresponding mean annual flows. 

Quinary 

statistic 

Mean annual runoff (mm) Lowest annual runoff (mm) in 10 years 

Mgeni Mvoti Mhlatuze Mgeni Mvoti Mhlatuze 

Average 219 177 257   65  (30%)   39  (22%) 50 (19%) 

Highest 574 345 421 309  (54%) 117  (34%) 90 (21%) 

Lowest   66 115 117   11  (17%)   11 (10%) 11  (9%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Mean annual unit runoff (mm) from the Mgeni, Mvoti and Mhlatuze catchments under 

baseline land cover conditions (left) and (right) and changes in annual unit runoff between 

sugarcane and baseline land cover, assuming entire Quinaries to be under sugarcane plantations. 

Schulze RE and Schutte S Proc S Afr Sug Technol Ass (2015) 88: 70 - 89

80



 

If catchments were to be entirely under sugarcane, annual runoff would generally be reduced 

when compared with that from baseline land cover (Table 7), with the reduction ranging from 5 

to 10% in the Mgeni catchment, 10 to 17% in the Mvoti and 1 to 5% in the Mhlatuze catchment. 

Figure 6 (right) shows that reductions are generally highest in the interior of the catchments 

where sugarcane would be replacing lower biomass grasslands which also senesce in the 

cold/dry season, with lower values closer to the coast where the natural vegetation thickens, and 

with sugarcane even simulated to produce higher runoff where it would be replacing the coastal 

forest (see negative streamflow reduction values in Figure 6, right). 
 

Table 7. Statistics for the three study catchments on mean annual unit runoff from sugarcane 

plantations (with bracketed values being those from baseline land cover), and on runoff reduction 

by sugarcane plantations (in mm, with percentage reduction in brackets), assuming the entire 

Quinary catchments to be under sugarcane. 

Quinary 

Statistic 

Mean annual unit runoff (mm) Runoff reduction by sugarcane (mm) 

Mgeni Mvoti Mhlatuze Mgeni Mvoti Mhlatuze 

Average of 

Quinaries 

198     

(vs 219) 

160  

(vs 177) 

246        

(vs 257) 

21 

(10%) 

17 

(10%) 

11 

(4%) 

Highest 

Quinary 

530  

(vs 574) 

312    

 (vs 345) 

416      

  (vs 421) 

44 

(8%) 

33 

(10%) 

   5 

(1%) 

Lowest 

Quinary 

  63  

(vs 66) 

  95    

 (vs 115) 

111       

 (vs 117) 

  3 

(5%) 

20 

(17%) 

   6 

(5%) 

 

A comparison of unit runoff reductions between different selected key land uses  

A comparative analysis in Table 8 of modelled runoff reductions, i.e. assuming entire Quinary 

catchments to be planted to a specific land use, shows that replacing the baseline land cover with 

Eucalyptus grandis results in the highest absolute (i.e. in mm) as well as relative (i.e. in %) 

runoff reductions, followed by Acacia mearnsii and then sugarcane. These findings reflect in part 

the different water use coefficients of the species/crop (e.g. E. grandis has the highest, followed 

by wattle) and in part their root distribution patterns, but also whether they are water consumers 

(e.g. E. grandis is modelled to utilise up to 90% of the soil’s plant available water before stress, 

and with that a reduction in evapotranspiration, commences) or more water conservers (e.g. 

stress in sugarcane is assumed in the model to commence when soil water content is at ~40% 

PAW).  
 

Table 8. Absolute (mm) and relative (%) unit runoff reductions, averaged for 

all the Quinary catchments in the Mgeni, Mvoti and Mhlatuze catchments. 

Land Use Quinary Averaged Runoff Reduction 

(mm) 

    Mgeni          Mvoti            Mhlatuze    

Quinary Averaged % Runoff 

Reduction 

    Mgeni        Mvoti           Mhlatuze 

E, grandis        54                  45                    44         25                25                     17 

A. mearnsii        31                  25                    17         14                14                       6 

Sugarcane        21                  17                    11         10                10                       4 

 

Absolute (mm) reductions in unit runoff will depend on the availability of soil water. The more 

soil water there is available, as is the case in high rainfall regions, the greater the potential for a 

high reduction in runoff by plants with higher biomasses than the natural vegetation they replace. 

This is reflected in Table 9 which shows statistics for those Quinaries which display the highest 
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runoff reductions within the three catchments. Again, the relative rankings of reductions (i.e. E. 

grandis the highest and sugarcane the lowest of the three) are retained.  

 
Table 9. Absolute (mm) and relative (%) unit runoff reductions for those Quinaries 

with the highest reductions in the Mgeni, Mvoti and Mhlatuze catchments. 

Land Use Quinary with highest runoff reduction 

(mm) 

    Mgeni         Mvoti            Mhlatuze    

Quinary with highest % runoff 

reduction 

    Mgeni       Mvoti           Mhlatuze 

E, grandis      109                   86                    73         19                25                    15 

A. mearnsii        68                   53                    60         12                15                    13 

Sugarcane        44                   34                    29           8                10                      6 

 

 

Results 2.Accumulated flows from upstream to downstream under baseline land cover, and 

reductions in accumulated flows due to actual areas under sugarcane and forestry 

 

Impacts of land uses on runoff are conventionally assessed at the level of individual catchments 

such as Quaternaries or Quinaries. At the end of the day, however, as important as it is to know 

the impacts on a local scale, from a SFRA perspective it is equally important, and sometimes 

more so, to assess the impacts of upstream land uses down the entire catchment system, because 

the upstream impacts cascade further and further downstream from the source of the impact. The 

impacts of a given land use may be either exacerbated downstream if that land use persists or 

intensifies, or be diluted downstream, depending on what has happened in regard to that specific 

land use within the tributary catchments which enter the main stream of a catchment. To the 

authors’ knowledge this is the first study in the Mgeni, Mvoti or Mhlatuze catchments to 

evaluate the impact of an individual upstream land use of concern on the accumulated 

downstream flows, with only one previous study in KwaZulu-Natal having taken this approach, 

and that in the Pongola-Bivane catchment (Schulze et al., 1998).  

 

When making decisions on SFRAs, impacts of selected upstream land uses on accumulated 

streamflows can be expressed: 

 

• in mm equivalents as a unit change, 

• in m3 as a volumetric change, and 

• as a percentage change.  

 

In the tables which follow results are presented for key selected Quinaries within each of the 

three catchments to illustrate the influences of cascading land use impacts downstream and of 

influences of tributaries entering the main stem channel, with results in bold depicting 

accumulated streamflows at the outlet of the catchment into the Indian Ocean. Note that only the 

impacts of the selected land uses, viz. dryland sugarcane and production forestry, are assessed, 

and not those of other rainfed or irrigated crops, nor those of other land uses such as human 

settlements, nor those of dams and their abstractions, releases and return flows.  

 

To set the scene on accumulated downstream impacts of the selected critical upstream land uses, 

results of accumulated flows under baseline land cover conditions, represented by Acocks’ Veld 

Types, are first presented as a reference. 
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Figure 7. Mean annual accumulated streamflows in m3 in the Mgeni, Mvoti and Mhlatuze 

catchments under baseline land cover conditions (left), and (right) changes in accumulated mean 

annual streamflows (m3) between baseline land cover and actual sugarcane plantations. 

 

Table 10 gives modelled values, in both mm equivalents and m3, of accumulated outflows from 

key interior Quinaries and at the river mouth (in bold) from the three study catchments assuming 

them to be under baseline land cover conditions, as well as streamflow reductions, again in mm 

and m3, for the actual areas under sugarcane and production forestry. These values from actual 

areas under cane and forestry form the basis for the second assessment on whether or not 

sugarcane should be considered to be a SFRA, the first having been the analysis of unit runoff 

reductions. Additionally, a map of mean annual accumulated streamflows in m3 under baseline 

land cover conditions (Figure 7, left) is provided as a point of departure, while Figure 7 (right) 

shows accumulated mean annual streamflow reductions resulting from actually existing 

sugarcane plantations replacing natural vegetation, with units expressed volumetrically in m3. 

 

In mm equivalents Table 10 (second column) shows the Mhlatuze to display the highest 

(236 mm) and the Mvoti (172 mm) the lowest mean annual accumulated streamflows under 

baseline land cover conditions. The third column in Table 10 and also Figure 7 (left) further 

display clearly how streamflows, when expressed volumetrically in m3/annum, increase 

downstream along the main stem of the respective rivers because they are fed by contributions 

from tributaries. ACRU model simulations show that the Mhlatuze discharges slightly more 

water into the Indian Ocean than the Mgeni under baseline land cover conditions (Table 10, third 

column), with both in excess of 900 million m3 in an average year, and with the Mvoti 

discharging only ~ half those volumes at a simulated 474 million m3/annum. 

 

Results from an analysis on mean annual streamflow reductions resulting from actually existing 

sugarcane and forestry plantations replacing natural vegetation are expressed volumetrically in 

m3 in Table 10 (column 4 for sugarcane; column 6 for forestry) as well as by percentage 

reductions (column 5 for sugarcane; column 7 for forestry), while in Figure 7 (right) changes in 

mean annual accumulated flows resulting from actual areas under sugarcane are shown in m3. 
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Table 10. Mean annual accumulated streamflows (in mm equivalents and m3) at selected key 

Quinary outlets of the Mgeni, Mvoti and Mhlatuze catchments from baseline land cover conditions, 

as well as flow reductions (volumetrically and as percentages) from actual areas under sugarcane 

and under production forestry. 

Mgeni 

Quinary 

Baseline 

mm  

Baseline 

 m3  

Reduction by 

Sugarcane  m3 

% Reduction 

by Sugarcane 

Reduction by 

Forestry m3 

% Reduction 

by Forestry 

U20A3 239   70 303 000      29 480 0.04   1 415 000 2.0 

U20B3 231   85 517 000               0 0.00   3 479 000 4.1 

U20F3 249 108 876 000 2 582 900 2.37 10 332 000 9.5 

U20G3 211 548 300 000 3 879870 0,71 30 663 000 5.6 

U20M3 205 913 982 000 4 916 280 0.54 33 073 000 3.6 

 

Mvoti 

Quinary 

Baseline  

mm  

Baseline  

m3 

Reduction by 

Sugarcane m3 

% Reduction 

by Sugarcane 

Reduction by 

Forestry m3 

% Reduction 

by Forestry 

U40A3 242   77 342 000               0 0.00 10 629 000 13.7 

U40B3 181 128 520 000               0 0.00 17 974 000 14.0 

U40C3 130   34 511 000 1 168 070 3.38   3 212 000   9.3 

U40D3 165 205 857 000 1 369 060 0.67 22 901 000   1.1 

U40F3 127   37191 000    350 300 0.94   5 692 000 15.3 

U40G3 179   97 761 000    383 730 0.39   5 796 000   5.9 

U40J3 172 473 824 000 1 654 800 0.35 28 959 000   6.1 

 

Mhlatuze 

Quinary 

Baseline 

mm  

Baseline  

m3 

Reduction by 

Sugarcane m3 

% Reduction 

by Sugarcane 

Reduction by 

Forestry m3 

% Reduction 

by Forestry 

W12A3 188 117 990 000     62 930 0.05   7 300 000   6.2 

W12C1 173   28 265 000               0 0.00   3 484 000 12.3 

W12C2 169   69 019 000               0 0.00   3 925 000   5.7 

W12C3 154   88 441 000               0 0.00   3 915 000   4.4 

W12D3 199 485 241 000 1 465 250 0.30 13 431 000   2.8 

W12E3 207 556 191 000 1 885 390 0.34 13 467 000   2.4 

W12F3 236 926 147 000 1 567 080 0.17 21 156 000   2.3 

 

 

From Table 10 and Figure 7 (right) it is shown that reductions in mean annual accumulated 

streamflows due to actual areas under sugarcane are small, with accumulated reductions at the 

respective river mouths simulated to be 0.54% for the Mgeni, 0.35% for the Mvoti and 0.17% for 

the Mhlatuze system. These values compare with river mouth reductions of 3.6, 6.1 and 2.3%, 

respectively, from actual upstream afforestation in the three catchments (Table 10). If reductions 

due to sugarcane are expressed in mm equivalents, then Table 11 shows the average of 

reductions from Quinaries to range from only 0.1 mm for the Mhlatuze to 1.2 mm for the Mvoti, 

as against the corresponding range of reductions from 8.5 to 15.2 mm for afforestation (values in 

brackets).  
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Table 11. Reductions (change) in accumulated mean annual downstream streamflows per 

Quinary in the three study catchments between baseline land cover and actual areas under 

sugarcane plantations (left) expressed in mm equivalents and (right) as a percentage. 

Bracketed values are the corresponding ones for forestry. 

Quinary 

statistic 

Mgeni cane 

change 

(mm) 

Mvoti cane 

change 

(mm) 

Mhlatuze 

cane 

change 

(mm)  

Mgeni 

cane 

% change 

Mvoti cane 

% change 

Mhlatuze 

cane  

% change 

Average 1.0  (8.5)    1.2 (15.2)   0.1 (8.9) 0.6 (3.7)   0.6 (8.8)  0.2 (3.6) 

Lowest 0.0  (0.1) - 2.5 (0.2) - 1.5 (0.0) 0.0 (0.1) - 1.4 (0.1) - 0.5 (0.0) 

Highest   5.9 (28.2)   6.2 (47.7)    2.8 (55.4) 4.5 (9.5)     4.7 (19.4)     0.9 (16.1) 

 

There are two main reasons for the lower streamflow reductions by sugarcane. The first is that in 

all three catchments the actual areas under sugarcane are less than those under production 

forestry (cf. Table 5). The main reason, however, and shown clearly in Tables 8 and 9 when one 

assumes the entire catchment to be under a given land use, is that the unit runoff from sugarcane 

is considerably less than that of competing forest species. This is primarily so because of 

sugarcane’s lower crop coefficient and interception and higher stress threshold when compared 

with, say, eucalypts. Sugarcane therefore evapotranspires less than evergreen, higher biomass 

forest species, and consequently generates higher runoff than afforested areas, with resultant 

lower streamflow reductions. The Quinaries with lowest ‘reductions’ in the Mvoti and Mhlatuze 

in fact display negative values (Table 11), implying that sugarcane would under certain 

circumstances produce more streamflow than the natural vegetation which it replaces – this 

occurring where significant areas under sugarcane in a Quinary would have replaced the higher 

biomass coastal forest/thornveld natural vegetation (cf. Figure 5, left). Even those Quinaries with 

extensive areas under sugarcane and where the cane replaces lower biomass grasses show 

highest streamflow reductions of only 2.8 to 6.2 mm equivalent, as against extensively afforested 

Quinaries in grassland areas which can experience mean annual streamflow reductions up to 55.4 

mm equivalent.  

 

Results of further analyses on the percentages of Quinaries for which streamflows from actual 

areas under sugarcane are the same, or lower than, or higher than those from baseline land cover 

are given in Table 12. Quinaries in which the streamflows are the same are those in which no 

sugarcane is planted. Where streamflows are lower than those of baseline land cover, sugarcane 

is utilising (i.e. evapotranspiring) more water than the natural vegetation it replaces, e.g. in 69% 

of Quinaries in the Mgeni catchment. In only very few Quinaries, however, the streamflow 

reduction due to sugarcane is more than 2.5% (e.g. in 11% of Quinaries within the Mgeni 

catchment), and simulations in fact show that such (low) levels of reduction do not occur in any 

Quinary within the Mhlatuze system. Where mean annual streamflows from sugarcane exceed 

those of the natural vegetation (e.g. in 8% of Quinaries in the Mgeni – Table 12) it is 

hypothesised that the natural vegetation which sugarcane replaced had a higher above-ground 

biomass and interception than sugarcane. 
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Table 12. Percentages of Quinaries for which streamflows from actual areas under 

sugarcane are the same, or less than, or more than those from baseline land cover. 

Analysis by Quinary Mgeni Mvoti Mhlatuze 

Streamflow from Cane Same as Baseline 33% 15% 45% 

Streamflow from Cane Lower than Baseline 69% 78% 48% 

Streamflow from Cane Lower by >2.5 mm 11% 15%   0% 

Streamflow from Cane Higher than Baseline   8%   7%   7% 

 

Summary of main findings 

 

When unit runoff is considered, i.e. when assuming an entire catchment/Quinary to be under a 

key land use being assessed, simulations in the Mgeni, Mvoti and Mhlatuze catchments with the 

daily time-step and process-based ACRU model showed sugarcane to reduce streamflows 

considerably less than competing production forest species, at Quinary averaged reductions of 

only 25-39% of those of eucalypts and 65-71% of those of wattle (Tables 8 and 9). Furthermore, 

reductions in accumulated streamflows from actual areas under sugarcane were considerably 

lower than those for forestry, with averaged reductions per Quinary catchment only between 0.1 

mm and 1.2 mm, equating to mean Quinary reductions due to sugarcane of 0.55% for the Mgeni, 

0.59% for the Mvoti and only 0.15% for the Mhlatuze. In a substantial number of Quinaries 

when actual areas under sugarcane are considered, streamflows from Quinaries under cane are 

simulated to actually be higher than those from the natural vegetation they replace, especially 

where the baseline land cover is high biomass natural coastal forest (Table 12). By the time 

streamflows reached their respective estuaries, the whole-catchment effects of any reductions in 

flows due to upstream sugarcane plantations were only a 0.55% reduction for the Mgeni, 0.35% 

for the Mvoti and 0.17% for the Mhlatuze catchment. 

 

A comment on the reliability of results 

 

A crucial question which invariably arises from a study such as this one is that on the reliability 

of, and confidence in, results. As already alluded to earlier, the ACRU model has been 

extensively tested. Over 150 verification studies have been undertaken in South Africa, 

Zimbabwe, Eritrea, the USA, Germany and Canada on a range of outputs and of internal state 

variables, including those on catchments under sugarcane and forestry, and with many routines 

based on field observations, including lysimeters under sugarcane. Reviews of verifications are 

given, for example, in Schulze (1995), Schulze and Smithers (2003) and Schulze (2008). All of 

that does not preclude further research needing to be done on, for example, sugarcane root 

systems, water use by different varieties or responses at different phases of the harvest to harvest 

cycle. 

 

It is important to stress, however, that in a comparative impacts analysis between land uses, and 

land use effects against a baseline land cover, the inputs for the different land uses/land cover 

have to be at a consistent level of detail/sophistication. This study is essentially a comparative 

one, and for that reason alone the same hydrological model was used, run at the same level of 

input detail for the different land uses, on the same catchments with the same climates and soils 

attributes. Results are therefore considered acceptably accurate in the relative sense, albeit not 
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necessarily at the absolutely precise sense, on the premise that it is better to be relatively accurate 

than precise but not right. 

 

Can a case be made for dryland sugarcane to become a 

‘Stream Flow Reduction Activity’? 
 

This was the question posed in the title of this paper. At the present time, production forestry is 

the only agricultural land use in South Africa to have been designated a ‘Stream Flow Reduction 

Activity’ on the basis of the trees utilising more water than the natural vegetation they replace.  
 

A key question that now arises is whether the reductions resulting from sugarcane plantations are 

significant and, if so, where within the catchments they may or may not be significant, especially 

when considering not only local/in situ reductions, but also the impacts that upstream cane 

plantations have when river flows cascade downstream. Using tried and tested hydrological input 

variables for baseline land covers, for dryland sugarcane and for production forest species, in 

conjunction with the tried and tested process-based ACRU hydrological model which has been 

extensively verified under cane and forested catchments and which is used in official SFRA and 

allied studies, results show that unit runoff reductions are only ~25-40% of those of Eucalyptus 

grandis and only about 2/3 those of the lower water using Acacia mearnsii. There are, 

furthermore, areas where the water use simulated by sugarcane is less than that utilised by the 

natural vegetation it would replace.  
 

While an argument could be made for sugarcane to be declared a SFRA in certain inland areas 

where it is produced, but where the annualised yields are not particularly high at the present time, 

there is little scientific justification with present knowledge that sugarcane actually uses more 

water in the high production areas along the coastal areas of KwaZulu-Natal. There certainly is a 

need for a better understanding of water use not only of sugarcane under different management 

conditions and for different varieties being planted, but also of the baseline land cover it would 

replace, now and under conditions of climate change. All of this will require sustained research 

efforts, however.  
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