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Abstract

This paper presents a synopsis of the findings of a valley bottom wetland monitoring study in which dominant hydrological 
processes maintaining the system are quantitatively defined. The Craigieburn-Manalana is a wetland subjected to technical 
rehabilitation, at the headwaters of the Sand River in the lowveld savanna region of South Africa. 
	 Findings include the identification of a rapid water delivery mechanism from the surrounding hillslopes to the wet-
land following a threshold-exceeding precipitation event, when hillslope-toe soil matric potential is close to 0, leading to 
a raising of the wetland water table by >0.7 m within 3 h. A summary of quantified fluxes and associated water budget of 
the wetland and its contributing catchment is developed. It is revealed that this wetland does not necessarily conform to the 
typical assumptions that wetlands augment low flows. Surface layer scintillometry shows actual wetland evapotranspiration 
to dominate the water budget during the dry season (2.3–3.5 mm/d) compared to its contributing catchment (0.9–2.2 mm/d), 

whilst stream discharge had ceased. Hydrograph separation, based on stable isotopes (18O), revealed that the wetland does 
not attenuate peak flows during the summer rains when the wetlands soil moisture deficit is close to 0, since more than 66% 
of stream discharge comprised event water. These results are discussed within the context of current hydrological under-
standing of southern African headwater wetlands, such as dambos. 

Keywords: hillslope processes, hydro-geomorphology, water budget, dambos, rehabilitation, wetlands

Introduction

There is a general dearth of knowledge of the hydrology of 
wetland systems in Africa, and this has duly been noted for 
Southern Africa also (Grenfell et al., 2005). Where hydrologi-
cal studies have been undertaken on wetlands in the region, 
they are constrained by the heterogeneous geomorphic tem-
plates of the landscape, which cause each wetland to seem-
ingly operate in different ways; this precludes the development 
of a unifying wetland hydrological process framework. The 
southern African sub-continent differs vastly from the temper-
ate northern continents in a number of ways: firstly it has an 
ancient and relatively tectonically stable land-mass which sits 
at a high mean elevation; second, the region escaped recent 
glaciation episodes that have shaped the landscapes in other 
regions; third, southern Africa has significantly lower average 
rainfall than other continents coupled with a high evapotran-
spiration demand. These factors combine to limit the extent of 
the majority of wetlands in the region to stream networks. This 
means that general underscoring principles of wetland manage-
ment, gathered now quite comprehensively in the temperate 
regions of the world, are unlikely to be suitably applied to the 
wetlands of southern Africa (Ellery et al., 2008). Nevertheless, 
as the systems of southern Africa are studied in more detail, 
it is hoped that a sphere of overarching principles will emerge 
by which the sustainable management of their processes and 
resources may be secured in the future. This issue is of tanta-
mount importance given that great emphasis is being placed on 
wetland rehabilitation, particularly in South Africa, through 
poverty relief strategies. This is a laudable undertaking for 

political, social and environmental reasons; however the 
environmental component of this objective may well be under-
mined by unsatisfactory understanding of the hydro-geomor-
phic controls and fluxes that would otherwise characterise these 
wetlands in a natural state, possibly leading to inappropriate 
rehabilitation measures (Tooth and McCarthy, 2007). 

This paper summarises the hydrology of a riparian head-
water wetland in the semi-arid north east of South Africa, 
the degradation of which through significant gully erosion is 
similarly experienced in other wetlands in the area. This degra-
dation is assumed to be a compound effect of, firstly, the local 
geological and climatic conditions – i.e., steep granitic geology 
and intense rainfall due to  being located close to the northern 
Drakensberg Escarpment. Secondly, historical political lega-
cies have asserted a significant anthropogenic pressure on this 
landscape through forced resettlement and consequent expan-
sion of population pressure on this sensitive region of the South 
African lowveld. The lowveld is a South African bioregion 
characterised by woody savanna dominated by Combretrum 
and Terminalia vegetation (Mucina and Rutherford, 2006). A 
major pressure in this landscape is the extensive use of the val-
ley bottom wetlands for subsistence agriculture. An extensive 
assessment of the causal mechanisms of wetland degradation in 
the Sand River headwaters is provided by Pollard et al. (2006) 
and the assumption outlined is that this degradation, along with 
streamflow reduction by commercial forestry, has contributed 
to the loss of baseflow in the Sand River system. Essentially 
these conditions have fostered a switch in the Sand River from 
being a major perennial tributary of the Sabie River to one that 
is now dominated largely by a seasonal flow regime. The Sand 
River’s flow regime and issues related to its deterioration are 
discussed in Pollard et al. (2011, 2012). Pollard et al. (2006) 
reports on an exploratory modelling exercise using ACRU 
(Schulze, 1995) at a variety of scales, which supported the 
notion that loss of wetland extent in the headwaters of the Sand 

http://dx.doi.org/10.4314/wsa.v37i4.18


http://dx.doi.org/10.4314/wsa.v39i1.8 
Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 39 No. 1 January 2013
ISSN 1816-7950 (On-line) = Water SA Vol. 39 No. 1 January 201358

River catchment had significant detrimental effects on stream-
flow processes at the broader catchment scale.

Headwater wetland hydrology

To date, in the subcontinent most attention has been paid to the 
process definition of a certain type of wetland which lies at the 
headwaters of large river systems and is usually termed vlei 
(South Africa) or dambo (Zimbabwe/Zambia). Early works gen-
erated the belief that these systems are important for stream-
flow regulation processes in terms of flood attenuation and low 
flow augmentation, in essence by acting as ‘sponges’ absorbing 
water during the rains with sustained release during the dry 
season (e.g. Balek and Perry, 1972). Recent work has however 
challenged this assumption showing that such systems do not 
always attenuate flood flow or augment dry season baseflows 
(Von der Heyden and New, 2003; McCartney, 2000; Bullock, 
1992). Meanwhile these systems retain the potential to be, and 
often are, used as an agricultural and grazing resource within 
the region, due to their moisture-holding properties particularly 
in the dry season. 

Von der Heyden (2004) produced a comprehensive review 
based on the abovementioned works, among others, extrapolat-
ing the common hydrological processes that were experienced 
in different headwater wetland studies and critiquing them 
against various proposed models of dambo hydrological and 
hydrogeological function from the literature. It was however 
acknowledged that, due to their widespread distribution and 
hence high variability in geo- and meteorological characteris-
tics, no unifying model could be prescribed for estimating the 
hydrological responses of dambos. Nevertheless an attempt was 
made to link estimated hydrological response to a set of catch-
ment characteristics based on: size of the catchment; size of the 
dambo; catchment vegetation; rainfall regime; and sand to silt 
and clay fraction of the interfluve soil. 

This yielded several hypotheses of dambo hydrological 
responses (Von der Heyden, 2004) including: the dominant 
source of water to the dambo is derived from direct rainfall; 
interfluve vegetation characteristics are the primary deter-
minants of the relationship between dambo and interfluve 
evapotranspiration (ET) losses; duration of dry season flow 
from dambos is directly proportional to the catchment–dambo 
surface area ratio, as well as the sand to clay-silt ratio within 
the interfluve soils; volume of dry season flow from dambos 
is directly proportional to the catchment–dambo surface area 
ratio; attenuation of stormflow is a function of both the catch-
ment–dambo surface area ratio and the intensity of the rainfall 
event as well as the sum of current seasonal precipitation.

Furthermore, 3 conceptual models of dambos were pre-
sented by Von der Heyden (2004), based on the literature 
describing the hydrogeological controls on these systems. All 
of these models acknowledge the presence of a low permeabil-
ity layer close to the dambo surface that impedes the vertical 
flow of water into the dambo, and which has evident conse-
quences on the hydrological processes within these systems.

Sand River wetlands: typically dambos? 
Consequences for rehabilitation?

The main objective for instrumenting the Craigieburn-
Manalana catchment for hydrological process definition was to 
examine the response of wetland hydrology to technical reha-
bilitation of large erosion gullies and to determine the broader 
hydrological context of the system (described in Riddell et 

al., 2012). The findings presented here are discussed in rela-
tion to components of the Craigieburn-Manalana wetlands 
water budget in the context of current understanding of dambo 
hydrology.

Methods

Study site information

The Craigieburn-Manalana catchment was developed as a 
hydrological research catchment in 2005, in response to the 
technical rehabilitation of wetland erosion gullies. It lies in 
the sub-humid fringe of the semi-arid lowveld and has a mean 
annual precipitation of 1 075 mm per annum (South African 
Weather Service, Wales 0594819 rain gauge 1904–2000) and a 
similar rate of potential evapotranspiration.

The catchment lies on the granitic geology of the basement 
complex and is intersected by doleritic dykes, as a consequence 
the catchment is dominated by sandy soils (76% of catchment), 
particularly in the valley bottom, except for doleritic areas 
which yield fine clays (24% of catchment).

It was postulated prior to rehabilitation (2004–05) that 
moisture is retained within this sandy and rather conductive 
wetland substrate by zones of finer sediment, or, in other words 
vertical clay subterranean walls, which have informally been 
termed ‘clay plugs’. This potential hydro-geomorphic structure 
was originally identified during the first season of monitoring 
through electrical resistivity imaging (ERI) and was thought 
to exert a considerable control on the sub-surface hydraulic 
processes, by essentially buffering sub-surface throughflows, 
due to its expected lower hydraulic conductivity than the sur-
rounding sandy wetland substrate. Further determination of 
this hydrogeomorphic control is discussed at length by Riddell 
et al. (2010), revealing that the clay plug is now threatened by 
the further upstream retreat of the erosion gully (Riddell et al., 
2012). The conclusions are that loss of these clay plugs would 
lead to the loss of a sub-surface control exerting hydrodynamic 
protection of the wetland upstream of it. These surveys also 
revealed that the wetland is underlain at depth by clays and that 
the overburden is dominated by coarse sands.

Land use in the catchment is dominated by peri-urban 
rural settlement, free-roaming grazing and extensive use of 
the valley bottom wetlands, particularly for the cultivation 
of madumbes, Colocasia esculenta, during the wet season. 
Typically, during the dry season cultivation ceases and both 
agricultural and indigenous wetland vegetation is burned 
on plots, whilst fallow stands of indigenous vegetation may 
remain. Wetland plots consist of steep raised beds and deep 
drainage furrows which run parallel to the direction of catch-
ment runoff. There is also extensive gully erosion in the 
wetland itself as well as on the catchment interfluves. The 
wetland was almost completely converted to the ridge and 
furrow system. However at the time of analysis this had been 
left fallow for 4 years and was dominated by re-emerging reed 
beds (Phragmites mauritianus). The upland interfluve consists 
of mixed seasonal shrub and grassland with Mabola plum 
(Parinari curatellifolia). The wetland and interfluve represent 
4% and 96% of the 23.3 ha area of the catchment upstream of 
the weir, respectively.

Hydrology

The Craigieburn-Manalana catchment was instrumented with 
hydrometric apparatus during the latter half of winter 2005 
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(August–October), along 3 transects perpendicular to the catch-
ment (2 of which are shown in Fig. 1). Along these transects 
hydrometric stations were positioned, fitted with 3-channel soil 
moisture tensiometer sensors, typically at 300, 600 and 2 000 
mm depths alongside nested groundwater level piezometers 
(typically at 2 000, 4 000 and 6 000 mm depths in the wetland, 
and at 2 000 mm and 6 000 mm depths on the footslopes). 
Piezometers were manually read using a dip-meter every 2–3 
days and in some instances fitted with pressure transducers. 
These data were collected using HOBOTM data loggers using 
a University of KwaZulu-Natal timing board system. This 
allowed continuous 12-min time-step recording of soil mois-
ture tension and groundwater levels at hillslope and wetland 
positions. 

Daily wetland lateral groundwater flows were estimated for 
periods of the wet summer and dry winter by determining the 
hydraulic gradient and saturated hydraulic conductivity using 
the bail method of Bouwer and Rice (1976) between piezometer 
nests according to Eq. (1):

				      where 	  		    
									           (1)	      
where:

i is the hydraulic gradient 
(dimensionless)
h1 and h2 is piezometric head at 
W1 and W2 respectively (mm)
D is the distance between piezo
meters (mm)
K is the saturated hydraulic con-
ductivity in mm/h
Qd is the daily average discharge 
(mm)

The catchment was also fitted with 
a full meteorological Campbell 
ScientificTM weather station for estima-
tion of potential evapotranspiration 
(pET) using the Penman-Monteith 
equation (Allen et al., 1998). This 
station was also fitted with a Texas 
InstrumentsTM TE525MM rain gauge.

A concrete buttress-weir was 
initially installed for the purposes 
of wetland rehabilitation between 
December 2006 and March 2007; 
however, due to unforeseen erosion 
problems it only became effective 
following remedial actions prior to 
the 2008–09 season (Riddell et al., 
2012). Streamflows were recorded 
during the 2008–09 wet season at 
the outlet of the intact portion of the 
wetland. This followed the completion 
of a weir which included a compound 
90° v-notch (low  flows)  and  rectan-
gular  section  (high  flows). These 
were rated using the methods of the 
US Department of the Interior (2001).  
This used a submersible float gauge 
with Campbell Scientific TM CS410 
shaft encoder attached to CR200 
data-logger. An ISCO TM 24 bottle 
(500 mℓ) sampler was also integrated 
with this logging system to enable 

the collection of water samples for in-stream isotope species 
analysis (O18 – oxygen-18 and H2 – deuterium) at prescribed 
flow depths, using a program to determine cumulative flow 
indices to trigger sampling in both high and low flow periods 
(for further details consult Riddell, 2011). Isotope analysis was 
performed using a Los Gatos Research (LGR) DT-100 Liquid 
Water Isotope Laser Analyser at the University of KwaZulu-
Natal. Two-component hydrograph separation was achieved 
using the method described by Uhlenbrook and Hoeg (2003) in 
the form of Eq. (2):

															               (2)		
											         
where: 

QE is the total contribution of event (rainfall) water to 
stream discharge
QT is the total volume of discharge
 cT is the total isotopic composition of discharge water
cP is the isotopic composition of pre-event water

Figure 1
The Craigieburn-Manalana wetland with locations of hydrometric instrumentation and 
measurements and location within South Africa (M, F and W denote mid-slope [steep, 
transportational], foot-slope [shallow, depositional] and valley bottom [alluvial] wetland 

positions respectively)
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 cE is the isotopic composition of event water
18O reflects the stable isotope used – in this case oxygen-18.

In addition, during the 2008–09 season the actual quantifica-
tion of evapotranspiration losses from vegetation types in the 
Craigieburn-Manalana catchment took place using OEBMS1 
ScintecTM surface layer scintillometers (SLS). These provide 
the means to determine the sensible heat flux component of the 
surface energy balance, derived from atmospheric turbulence 
using the phenomenon of optical scintillation of infrared radia-
tion (Savage, 2009). Two SLS recorded the sensible heat flux 
over 100 m transects in the wetland and uplands, as shown  
in Fig. 1, during both the winter dry season (28 August –  
03 September 2008) and summer wet season (28 January –  
03 February 2009). 

The monthly water budget was calculated for the headwater 
catchment, assuming no upstream surface discharge into the 
system, according to:

															               (3)	 	
where: 

∆S is the total monthly change in storage (mm)
pET is the monthly actual evapotranspiration (mm)
Q is the monthly surface discharge at the catchment  
outlet (mm)
Gi and Go are groundwater inflows and outflow 
respectively

During actual evapotranspiration quantification daily upland 
and wetland water budgets were calculated according to:

															               (4.i)	
			 
															               (4.ii)	
		
where: 

∆S is the daily change in storage (mm)
u is the upland
w is the wetland
Pt is total daily precipitation for the whole catchment (mm)
aET is the daily actual evapotranspiration (mm)
Q is the daily discharge at the catchment outlet (mm)
A is the contributing area of the catchment (km2)

Due to the fact that the deeper footslope piezometers remained 
dry during the course of the study we made the assumption 
that groundwater inflow and outflow to the catchment is zero. 
Similarly no direct deep groundwater flow (as opposed to 
shallow lateral subsurface flows) is estimated to occur from the 
interfluve into the wetland.

Results

This section presents results relating to various components of 
the wetland water budget.

Inflow mechanisms

The Craigieburn-Manalana catchment is characterised by rain-
fall that can often be quite intense as well as having a relatively 
high inter-annual variability; this is summarised for the total 
period of monitoring between 2005 and 2009 in Table 1.

During the course of monitoring it was noted that the soil 
moisture regime of the catchment follows the distribution of 

seasonal rainfall, as would be expected, such that the soils are 
dry during winter and wet during summer. However notice-
able differences were observed between the soils of the two 
dominant geologies of the catchment (see Riddell et al., 2010), 
as shown in Fig. 2a. Firstly, the shallow but coarse-grained 
hillslope soils on granite, of the Leptosol form (FAO, 1998) 
were characterised by rapid fluctuations in soil moisture ten-
sion in the shallow soils (0 – 600 mm) due to infiltrating rain 
water, whilst deeper soils remained largely dry except under 
exceptional rainfall conditions where saturated vertical flow 
filled cracks and voids in these weathering horizons. (The 
saw-tooth appearance of the matric pressure at 300 and 600 
mm depth is as result of an in-house exponential calibration 
function of the particular sensor at this location, WatermarkTM 
sensors).  Secondly, the deep fine-grained soils of Regosol 
form (FAO, 1998), derived from the doleritic hillslopes, were 
characterised by more moderate wet-drying cycles and were 
freely drained, noted by the more apparent changes in soil 
moisture tension in the deeper horizons, thus contrasting with 
the granitic soils. 

Whilst the two different dominant geologies showed dif-
ferent hydrological responses, in each of the four successive 
years of monitoring it was recorded that a threshold-exceeding 
soil moisture response is initiated at the hillslope toe soils of 
the Regosol form (FAO, 1998) following a large rainfall event, 
usually when the catchment was close to saturation. This 
mechanism that follows the reaching of a certain antecedent 
soil moisture status and a trigger rainfall event induces a rapid 
delivery of water to the valley bottom wetland, with a near-
instantaneous elevation in the wetland phreatic surface. This 
behaviour is shown for an event during early January 2006 in 
Fig. 2b, whereupon there was a significant drop in capillary 
pressure head in the deep 2 000 mm tensiometer, located in a 
clay-rich G-horizon using the terminology of the South African 
classification system (Soil Classification Working Group, 1991). 
Consequently, one then observes a similar response in the  
2 000 mm tensiometer in the wetland soils, and rapid elevation 
of the groundwater level as recorded by the corresponding pie-
zometer. A hypothesis to explain this phenomenon may be that 
soils with dual-porosity (macro-pore) properties occur at these 
hillslope toe positions. Upon reaching a certain antecedent 
moisture content macro-pores become conduits for significant 
sub-surface water movement from the hillslope to the wetland.

During the first year of monitoring of wetland hydrody-
namics (piezometric surface fluctuations), it was noted that 
a sequence of vertical recharge processes existed, from the 
surface to the shallow subsurface overlying deep recharging 
piezometric surfaces in the wetland. These details are provided 

 
 

 

 

Table 1
Summary precipitation information for 
the Craigieburn-Manalana catchment 

(hydrological years in eastern South Africa 
run from October–September inclusive)

Hydrological year Annual precipitation (mm)
2005–06* 1 771.9
2006–07            809.6
2007–08 817
2008–09 1 444.9
Mean (2006–09) 15-min rainfall intensity 2.59 mm/h
Std. dev. 1.4 mm/h
Peak 85.2 mm/h
*Full record from nearby (4.6 km) Hebron Forestry 
Estate

http://dx.doi.org/10.4314/wsa.v37i4.18


http://dx.doi.org/10.4314/wsa.v39i1.8 
Available on website http://www.wrc.org.za
ISSN 0378-4738 (Print) = Water SA Vol. 39 No. 1 January 2013
ISSN 1816-7950 (On-line) = Water SA Vol. 39 No. 1 January 2013 61

in Riddell et al. (2012), in which stratification in the vertical 
recharge processes in the shallow sub-surface of the wetland 
is attributed to the occurrence of narrow clay aquicludes in 
an otherwise sandy soil matrix. These are a horizontal feature 
of the system distinct from the vertical clay plugs described 
previously. Furthermore, it became apparent that certain arte-
sian conditions may also be manifested in this system, par-
ticularly at the height of the rains, when shallow piezometers 
often reflected lower phreatic heads than deeper piezometers 
at W2 and W3. Whilst this reflected the hydrodynamics for 
intact regions of the wetland, this was not so for areas in close 
proximity to the erosion headcut. Furthermore, it had been 
observed that water table fluctuations at these headcut locations 
contrasted strongly with other regions of this wetland and that 
there also appeared to be a discernible hydraulic drawdown at 
these locations due to the unimpeded drainage through the ero-
sion gully (Riddell et al., 2007). Following the initial installa-
tion of the buttress weir in the 2006–07 season, the reintroduc-
tion of an artesian piezometric surface was revealed adjacent 
to the erosion headcut. This implied a positive response to the 
system, given that it would have been expected that this type of 
artesian hydrodynamic behaviour would exist throughout this 
wetland.

Outflows and water budget

Since the technical rehabilitation of the Craigieburn-Manalana 
wetland was only fully implemented during the 2008–09 
season, as a result of unanticipated failures of the rehabilitation 
structure, discharges out of the wetland could only be measured 
during this, most recent, season of this study. Deep upwelling 
groundwater movement into, passing through (laterally), and 
out of the wetland was assumed to be a negligible component 
of the water budget, based on the estimate obtained from 

piezometer well readings at W1 and W2 within the deeper  
clays underlying the wetland; estimates for the dry winter 
period were ~ 2.1 x 10-3 mm/month and during the wet sum-
mer 5.4 x 10-3 mm/month. The component fluxes of incom-
ing and outgoing water to the catchment mass balance on a 
monthly basis are depicted in Fig. 3. Here the highly seasonal 
precipitation (P) and runoff (Q) may be observed, resulting in 
high precipitation and runoff during summer, i.e. November 
to March, and in no flows with minimal precipitation in winter 
(May onwards). Consequently, we note that potential evapo-
transpiration (pET) represents a net loss of water from the 
system in winter, assuming of course that actual ET approaches 
or is equal to pET, and conversely there is a net gain in water in 
summer due to precipitation. However Fig. 3 reveals an inter-
esting hydrological effect of the catchment – when the outgoing 
runoff is expressed as a percentage of the incoming precipita-
tion, it is evident that the percentage of rainfall that becomes 
runoff is minor during October and November, at <5%. This 
is to be expected since the catchment begins to saturate. From 
December to February the percentage of runoff generated 
ranges between 20% and 25%; despite the very heavy rains 
of January this is not seen to yield a significant conversion to 
runoff. This may well be attributable to an increase in catch-
ment hydraulic roughness resulting from heightened biomass 
production of emergent wetland (and upland) vegetation at 
the height of summer, which in itself will enhance the actual 
evapotranspiration component of the catchment water budget.

Meanwhile, Fig. 4 reveals a two-component hydrograph 
separation for an event of late December 2008. Using stable 
isotopes of oxygen-18 revealed that a significant proportion 
of the stormwater runoff comprises event water (i.e. rainfall 
collected during the event of 28–29 December 2008) rather 
than pre-event water (1 sample taken in a ponded area adjacent 
to a furrow stream inlet upstream of the weir on 12 December 

Figure 2
Typical flashy granite hillslope soil moisture response observed at M1 (a.i); typical moderate soil moisture 

response on doleritic hillslope observed at M2 (a.ii); rapid drop in soil moisture tension at 2 000 mm in 
G-horizon of hillslope toe (Kroonstad) soils observed at F1 (b.i); consequent drop in soil moisture tension  

at 2 000 mm in the wetland and rapid elevation of wetland water table observed at W1 (b.ii)

http://dx.doi.org/10.4314/wsa.v37i4.18


http://dx.doi.org/10.4314/wsa.v39i1.8 
Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 39 No. 1 January 2013
ISSN 1816-7950 (On-line) = Water SA Vol. 39 No. 1 January 201362

2008) stored in the wetland or catchment prior to the storm. At 
the peak of the storm runoff, event water comprised 73% of the 
total, rising to 93% at the lowest point along the storm reces-
sion, and thereafter remaining between approximately 60 and 
70%. Furthermore, this relationship closely follows the rainfall 
intensity distribution for the storm event, revealing the exceed-
ingly short lag time for this small catchment. 

A daily water budget for the Craigieburn-Manalana wet-
land is revealed in Table 2, for the period when surface energy 
balance techniques were used to quantify the actual vegeta-
tion water use in the wetland and its contributing catchment. 
Since deep upwelling groundwater movement into and out of 

the wetland was assumed to be a negligible component of the 
water budget it was also omitted on a daily basis in both sea-
sons.  With respect to the dry season it is noted that the water 
budget dynamic is a largely intrinsic affair, whereupon there is 
no or extremely little input by rain as well as no surface water 
discharge. Rather, there is a net flux of water exiting the system 
through evapotranspiration processes, particularly in the wet-
land. The mean reference evapotranspiration derived by  
the Penman-Monteith method for the winter period was  
3.6 mm. This reveals that the wetland system loses water to the 
atmosphere at close to the potential rate, suggesting that water 
is still not limited, despite this August–September window 
being toward the latter part of the dry season. Whilst this sug-
gests soil moisture is being replenished in order to supply the 
evapotranspiration demand this may also be explained by deep 
rooting reeds which have access to a wetland moisture store 
beyond the depth of the soil moisture sensors. Although the 
actual evapotranspiration in the wetland is below the potential 
rate, this suggests that water availability had become limited in 
the wetland also. Meanwhile the interfluve area does not lose 
water close to the potential rate, suggesting that water is signifi-
cantly more limited in this area of the catchment. During the wet 
season, however, when mean reference evapotranspiration was 
3.4 mm, the observed water use on the interfluve and the wetland 
occurs at or above the potential rate. This suggests that evapo-
transpiration is enhanced by the full use of plant available water 
by both aquatic and terrestrial vegetation during the wet season. 
Significantly, therefore, the seasonal balance in water use at the 
catchment scale is dominated by activation of water use by vege
tation on the interfluve, which represents a far greater proportion 
of the catchment surface area. The summer season also sees the 
far greater role of rainfall and surface discharge in controlling 
the water balance, facilitating a significantly large change in stor-
age, which is generally recharging, contrasting sharply with the 
depleting storage of the dry season.

Figure 5 shows the difference in isotopic ratios for shallow 
piezometers in the Craigieburn-Manalana wetland compared 
to local groundwater boreholes, during February 2008. One 
notes the large difference in signatures between the ground-
water cluster and the shallow piezometers at 2 000 mm, sug-
gesting (not conclusively) that these waters are not connected. 
Meanwhile the isotopic ratios for deeper piezometers shows a 
closer association in signatures between 2 borehole samples 
and 2 deep piezometers, W1 and W2, suggesting (not conclu-
sively) that these waters are in contact. This also suggests that 
the wetland sub-surface underlying the clay aquiclude is in 
contact with the regional groundwater table but not with the 
shallow waters above the clay aquiclude. Meanwhile the deep 

Figure 3
Monthly catchment-
scale water budget 

components for 
the 2008–09 

hydrological season 
(groundwater flows 
negligible, see text)

Figure 4
a. Streamflow concentrations of 18O and 2H (D);   

b. Two-component hydrograph separation of 18O for the storm of 
28–29 December 2008 (QT is total event discharge; QE is event 

water discharge; and QP is pre-event water discharge)
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piezometer at W3 has a similar isotope ratio to the shallower 
piezometers suggesting that the installed weir may have facili-
tated a connection of shallow to deeper waters (downstream of 
the clay plug).  

In order to identify streamflow and shallow sub-surface 
water connectivity in this wetland Fig. 6 displays the discharge 
versus shallow piezometer depths during 2008–09.  Soon after 
the cessation of summer rains in mid-April 2009, streamflow 
stops by 26 April completely and the shallow water tables  
adjacent to the wetland outlet then begin to decline; however, 
these are still reasonably shallow and have probably just 
dropped into the clay aquitard (see Riddell et al., 2010), but not 
through it, at this time.

Discussion

In the context of headwater wetland hydrology

Given the key findings outlined for the Craigieburn-Manalana 
catchment, and given the context of headwater wetland hydrol-
ogy in the southern African region, are there any parallels to 
be drawn between this and other studies? In addition what 
may this tell us about the effects of technical rehabilitation of 
the wetlands of the Sand River, for impacts on both intrinsic 
properties and downstream processes?

Using the Craigieburn-Manalana wetland as an example 
of the typical wetland setting in the Sand River headwaters, 

Figure 5
Stable isotope (δ18O/

δ2H) compositions 
for shallow 

piezometers against 
local groundwater 

boreholes in 
February 2008

Figure 6
Plot of stream 
discharge (Q) 

for the 2008–09 
hydrological year, 
against cumulative 
rain (P) and shallow 
piezometer reading 

at W2 and W3
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some striking insights and similarities may be gleaned from the 
literature. In the first instance, it is the underlying geology and 
concomitant hydrological processes that are particularly inter-
esting. Dambo catchments typically contain permeable rego-
lith on their interfluves contrasting with their typically low-
conductivity valley bottom substrates (Bullock, 1992). This 
study reveals that the Craigieburn-Manalana wetland illustrates 
a permeable interfluve regime as a result of its dominantly 
granitic geology. There may be an initial dissimilarity with 
Bullock’s (1992) description for valley bottom wetland material 
in the case of the Craigieburn-Manalana, in that it is dominated 
by coarse sands having a high hydraulic conductivity. However, 
it has been shown through hydrodynamic observation (Riddell 
et al., 2012) and geophysical surveys (Riddell et al., 2010) that 
there is indeed an increase in these valley bottom zones in the 
content of finer particles at depth, which act as a significant 
aquitard to groundwater flow. The water budget presented here 
takes this into account. The only major contrast with Bullock’s 
(1992) description of dambos is that the Sand River wetland 
sediments are very deep (several metres) rather than shallow.

Whilst dambo systems have also been acknowledged to 
experience rapid water table rise,  as noted, for example, by 
Balek and Perry (1973), the precise duration of this mechanism 
contrasts with the findings presented here, since in Balek and 

Perry’s study, at the Luano catchments in Zambia, the water 
table rise occurred over a period of approximately half the 
month of December 1969, and rose by less than 500 mm. In 
the Craigieburn-Manalana wetland of the water table rise was 
over 500 mm in a matter of hours. Meanwhile, Acres et al. 
(1985)  reported variations in water table response according 
to dambo soil type, in which predominantly sandy soils are 
saturated earlier in the wet season and are more liable to rapid 
water level rise and fluctuations than are predominantly clay 
soils. This confirms that a universal response is not appar-
ent in all dambo systems. However, the superficially sandy 
material of the Craigieburn-Manalana wetland suggests that it 
conforms to the rapid water table rise mechanism. Although 
the precise mechanism for its occurrence at the Craigieburn-
Manalana is here ascribed to be a result of a dual-porosity 
function of the interfluve-wetland interfacing soils, a model for 
similar mechanisms has been described for dambo catchments 
in Malawi by McFarlane (1992). The McFarlane model sug-
gests rapid displacement of upwelling groundwater through 
the clay of the dambo floor via the underlying saprolite; 
this remains a possibility at the Craigieburn-Manalana as a 
contributory mechanism, which should be explored further. 
However, since there is undoubtedly a substantial clay lens at 
depth in the Craigieburn-Manalana, it is more likely that no 

Table 2
Daily water budget for the Craigieburn-Manalana wetland for days on which evapotranspiration was quantified 
using energy balance techniques (gaps in data on 31 August 2008 and 31 January 2009 for the upland site are 

due to SLS failures). 
Season Date
Winter 2008 Aug-29 Aug-30 Aug-31 Sep-01 Sep-02 Sep-03
ET* interfluve (mm) 1.3 2.2 0.9 1.7 1.3

(0.337) (0.570) (0.233) (0.440) (0.337)
ET*  wetland (mm) 2.3 2.9 3.5 2.5 3.4 2.8

(0.023) (0.029) (0.035) (0.025) (0.034) (0.028)
Potential ET (mm) 3.5 3.4 8.7 3.9 4.1 3.9
Rain interfluve (mm) 0 0 0 0 0 0
Rain wetland (mm) 0 0 0 0 0 0
Discharge (mm) 0 0 0 0 0 0
∆S (mm) interfluve -1.3 -2.2      -0.9 -1.7 -1.3

(-0.337) (-0.570) (-0.233) (-0.440) (-0.337)
∆S (mm) wetland -2.3 -2.9 -3.5 -2.5 -3.4 -2.8

(-0.023) (-0.029) (-0.035) (-0.025) (-0.034) (-0.028)
Summer 2009 Jan-28   Jan-29   Jan-30  Jan-31  Feb-01  Feb-02  Feb-03
ET* interfluve (mm) 1.1 3.3 3.8 1.7 4.9 4.8

(0.285) (0.855) (0.984) (0.440) (1.269) (1.243)
ET* wetland (mm) 1.2 3.9 4.4 2.7 2.2 5.1 5.1

(0.012) (0.039) (0.044) (0.027) (0.022) (0.051) (0.051)
Potential ET (mm) 1.3 3.6 3.9 1.9 2.2 5.2 5.6
Rain interfluve (mm) 0.2 8.4 27.7 62.3 43.8 4.9 80.3

(0.052) (2.176) (7.174) (16.136) (11.344) (1.269) (20.798)
Rain wetland (mm) 0.2 8.4 27.7 62.3 43.8 4.9 80.3

(0.002) (0.084) (0.277) (0.623) (0.438) (0.049) (0.803)
Discharge (mm) 0.16 0.13 1.08 10.26 9.89 0.34 24.06

(0.043) (0.035) (0.291) (2.760) (2.660) (0.091) (6.472)
∆S (mm) interfluve -0.74 5.23 24.94        51.62 0.33 98.67

(-0.192) (-1.355) (6.459) (13.37) (0.085) (25.556)
∆S (mm) wetland -0.99 4.5 23.34 59.98 41.97 -0.19 76.09

(-0.010) (0.045) (0.233) (0.600) (0.420) (-0.002) (0.761)
*Actual evapotranspiration quantified using Surface Layer Scintillometer, ∆S change in storage
Values in parentheses represent equivalent volumes (Mm3)
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discharge into the wetland occurs via the underlying regolith. 
A similar result was reported by McCartney and Neal (1999) 
for the Grasslands Research Station dambo in Zimbabwe. 
Rudimentary stable isotope analysis, of samples from  
2 000 mm deep piezometers (Fig. 5), suggests that there is 
a hydrological dis-connect between the shallow sub-surface 
of Craigieburn-Manalana wetland and regional groundwater, 
when compared to local groundwater borehole water samples. 
Based on qualitative interpretation of the samples proximity 
to one another on a 18O/2H scatter plot, which does not provide 
conclusive  evidence, there is a possibility of groundwater 
connectivity at > 2 000 mm depth. Moreover, the McCartney 
and Neal (1999) model suggests that runoff within the dambo 
was derived from shallow sources and that when the water 
table dropped below the clay lens underlying the dambo 
discharge out of the dambo consequently ceased. Whilst 
the evidence of wetland hydrodynamic responses (Riddell 
et al., 2012) also shows that wetland through-flows are pre-
dominantly shallow in nature, the responses of the Manalana 
wetland may be similar given the observed short lag in water 
table decline following the cessation of streamflow, as shown 
in Fig. 6. 

The catchment scale water budget components illustrated in 
Fig. 3 showed that the proportion of precipitation that is con-
verted to runoff is generally 20–25% at the height of the rain 
season. The slight disparity seen in this study for the month 
of January 2009, in which the proportion of rainfall converted 
to runoff was lower than expected, may be a combination of 
reduced rainfall intensity for this period and problems associ-
ated with missing data due to equipment failure. These factors 
show similarity to Von der Heyden’s (2004) assertion that 
dambo hydrology is driven by direct rainfall contributions as 
a function of rainfall intensity. Nevertheless, the hydrograph 
separation suggests that the dominant component of flow in 
this wetland system comes from event water, and this has 
interesting implications in terms of downstream processes and 
contrasts with the common perception that wetlands attenuate 
flows. However this assumption is based on a single hydrograph 
separation when the catchment was saturated. It is most likely 
that the ratio of event to pre-event water will be directly in 
relation to catchment antecedent soil moisture and the intensity 
of the precipitation event, as has been found in other dambos 
(e.g. McCartney et al., 1998). Unfortunate technical errors in 
streamflow sampling prevented further examination of these 
factors in this study.

Nevertheless, it certainly appears that these wetlands actu-
ally convey stormwater to downstream areas, most likely due to 
the emergence of a saturated area in the valley bottom, particu-
larly later in the season, which prevents downward infiltration 
of stormwater into the wetland substrate. This transition, from 
an early season storage system when there is a soil moisture 
deficit (SMD) to one that becomes saturated and acts as a 
conduit of water after depletion of the SMD, has similarly been 
shown by McCartney (1998), and hence is a true similarity with 
the dambo hydrological model. This of course is influenced 
by the intensity of the rainfall event and soil hydraulic proper-
ties. Nevertheless, it does seem to suggest that these wetlands 
may increase a river’s response to rainfall, as was shown in the 
majority of headwater wetland studies reviewed by Bullock 
and Acreman (2003). However, whilst this may be the case 
in the present situation in the Craigieburn-Manalana, it must 
also be remembered that certain factors, such as the network 
of drainage furrows in these wetlands, may also act to supply 
a significant proportion of the event water contributing to the 

wetland’s discharge, since opportunities for stormwater deten-
tion have been significantly reduced in this system. Meanwhile, 
due to over 3 years of abandonment of these plots, emergent 
hydrophytic vegetation has re-colonised the area (personal non-
quantified observation) and the hydraulic roughness portrayed 
by this vegetation will now be close to maximum and may go 
some way toward mitigating against the occurrence of these 
artificial channels. 

It is also necessary to consider the dry season effects of 
wetlands on stream flows, in terms of the commonly-held 
perception of low flow augmentation.  Bullock and Acreman 
(2003), in their review of wetland hydrology, suggested that 
the majority of studies implied both the greater net use of 
water by wetlands when compared with their contributing 
catchments as well as the effect of wetlands in reducing dry 
season flows downstream through evapotranspiration. The 
findings presented here would almost certainly adhere to both 
of these notions, as well as Von der Heyden’s (2004) asser-
tion that interfluve versus wetland vegetation characteristics 
are the determinants of ET losses from dambo catchments. 
A consistent reduction in the wetland storage was observed 
daily during the ET quantification campaign, attributed fully 
to the water use of hydrophytic vegetation, while at the same 
time there was no discharge occurring out of the wetland (at 
the surface at least and negligibly to groundwater). The find-
ings presented here however merely reflect the water balance 
at the most headward end of the catchment, where distinct 
seasonality is observed in the streamflow response. As one 
moves downstream within the Craigieburn-Manalana catch-
ment the wetland becomes perennial and free-flowing water is 
observed throughout the year. This perennial flow does how-
ever occur at a point where minor tributaries join the main 
stem of the wetland. Whether this lower part of the wetland 
intersects the regional water table or receives more sustained 
augmented low flows from some other hydrological processes 
in these tributaries remains to be characterised and it is rec-
ommended that this be done in the future. This is particularly 
necessary for upscaling and extrapolation of findings at the 
Craigieburn-Manalana wetland to the broader headwaters of 
the Sand River catchment.

Conclusion

This paper has summarised the findings of hydrological pro-
cess definition in the context of the technical rehabilitation of 
a small headwater wetland, as well as current understanding 
of headwater wetland hydrology, namely, dambo systems, in 
southern Africa. For the most part, the Sand River wetlands 
show conformity with processes previously determined in other 
dambo systems, and the findings of this study certainly lend 
support to recent suggestions that headwater wetlands do not 
necessarily attenuate floodwater and augment base flows.  
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