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INTRODUCTION 

Despite freshwater habitats constituting about 0.8% 
of the Earth’s surface area, they contain disproportionally 
high concentrations of biodiversity in comparison to ter-
restrial systems (Balian et al., 2008). However, freshwa-
ters are among the most extensively altered ecosystems 
(Carpenter et al., 2011) and, once disturbed, deteriorate 
faster than terrestrial systems (Millennium Ecosystem As-
sessment, 2005). Headwater streams contain many spe-
cialist species and are among the most sensitive of the 
freshwater ecosystems (Richardson, 2019). Changes in 
climate, land use, and forest cover all impact headwater 
streams and alter the biogeochemical cycles in their catch-
ments (Yamashita et al., 2011). Headwater streams are 
particularly susceptible to the destructive power of floods 
because they have small catchments, steep topography, 
and are influenced by minor changes in local conditions 
(Meyer et al., 2007). Extreme floods in headwater streams 
alter biogeochemical cycles and can result in major 
changes in the composition and structure of aquatic biotic 
communities (Feeley et al., 2012). 

Floods are also the leading cause of natural disaster 
mortalities worldwide (Doocy et al., 2013). Between 
1980 and 2009, Doocy et al. (2013) estimated that almost 
3 billion people had been effected by flooding, including 
more than 500 000 mortalities and about 360 000 injuries. 
In addition, the socio-economic impacts of floods can be 
substantial. While the impact of floods on property and 
infrastructure damage, including agricultural losses, are 
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obvious, the full impacts of floods also include health, in-
terruption of public services, and foregone production 
(Allaire, 2018). As global climate change progresses, and 
rainfall regimes become more extreme (Brooks et al., 
2020; Fowler et al., 2021), the frequency of moderate, 
large and extreme floods, sensu Nathan and Weinmann 
(2019), are increasing globally (Westra et al., 2014; 
Fowler et al., 2021; Slater et al., 2021a). Climate change 
models for the semi-arid lowveld region of South Africa 
predict no change in annual precipitation, but less frequent 
and more intense rainfall events (de Wit and Stankiewicz, 
2006). In addition, an increased frequency of cyclone-
generated moderate and large floods in eastern southern 
Africa is predicted (Fitchett, 2018); systems that have 
caused the majority of the recent flooding events in the 
lowveld (Heritage et al., 2019). While the ecological and 
hydrological impacts of recent floods have been docu-
mented for the largest rivers of the lowveld (Heritage et 
al., 2015; 2019), impacts on headwater streams have not 
been explored.  

Although high rainfall is the primary driver of floods 
in headwater streams, the extent and magnitude of floods 
can be influenced by temperature, evapotranspiration, to-
pography, landscape gradient, type of soil, soil infiltration 
rate, soil saturation level, land drainage, land use, land-
cover, and river channel alterations including water reten-
tion and flood control structures (Cronshey, 1986; 
Sitterson et al., 2018; Ball and Babister, 2019; Davie and 
Quinn, 2019). Small floods and flow variability are es-
sential for the maintenance of channel geomorphology 
and resilience of biota to withstand the scouring flows of 
large floods (King et al., 2003). In contrast, large floods 
reset, or fundamentally alter, the physical and chemical 
conditions underpinning the long-term development of bi-
otic communities (Naiman et al., 2008), potentially cre-
ating more heterogeneous and patchy riverscapes (Turner 
and Dale, 1998). The biotic and abiotic legacy of an large 
flood becomes the template upon which subsequent eco-
logical processes build, and these events may, therefore, 
have a long-lasting influence on ecosystems and become 
catalysts for unexpected changes in ecosystems, including 
dramatic changes to aquatic and riparian communities 
(Turner and Dale, 1998; Parsons et al., 2005; Milan et al., 
2018).  

In January 2012, sub-tropical depression Dando made 
landfall resulting in 500 to 700 mm of rain falling in one 
day over the Klaserie River catchment, a tributary of the 
Olifants River, Limpopo River System, within the sub-
tropical savanna lowveld region of South Africa. This re-
sulted in a flood that caused substantial economic damage 
(Fitchett et al., 2016) and modification of the river chan-
nel (AMS pers. obs.). The aim of this study was to deter-
mine the magnitude of the January 2012 flood relative to 
previous floods in the headwaters of the Klaserie River 

catchment and attempt to identify rainfall patterns that re-
sulted in large floods in the perennial headwaters of a 
lowveld river. 

STUDY SITES AND METHODS  

The Klaserie River, a minor tributary of the Olifants 
River (Limpopo River System) in the lowveld region of 
South Africa, drains the north eastern escarpment of South 
Africa and confluences with the Olifants River in the 
Kruger National Park (Fig. 1). From the source (elevation 
1600 m) to the Olifants River confluence (elevation 275 
m) the 120 km long river drains a catchment area of 852
km2, mostly subtropical savanna. The Klaserie Catchment
is divided into two quaternary sub-catchments; the upper
Klaserie River above Klaserie Dam, formerly Jan Wasser-
man Dam, and the lower Klaserie River between Klaserie
Dam and the confluence with the Olifants River. Only the
upper Klaserie was included for this study.

The topography of the upper Klaserie River is com-
plex and associated with meso-scale atmospheric circula-
tion and different climatic zones (Pretorius and 
Rautenbach, 2012). The sub-catchment falls within the 
Cwa Köppen-Geiger climate classification; humid sub-
tropical with dry winter and hot summer (Peel et al., 
2007). Mean daily temperature is between 18 and 28°C 
in summer and 10 and 22°C in winter, while the annual 
temperature ranges between 5 and 35°C. Rainfall in-
creases with increasing elevation. The Mariepskop area 
at the top of the catchment has a very wet climate, with 
rainfall averaging about 2500 mm per annum. The wettest 
months are December, January and February with 
monthly rainfall means of 205, 245, and 286 mm respec-
tively, while June, July and August are the driest months 
with monthly rainfall means of 23, 19, and 21 mm respec-
tively (Van der Schijff and Schoonraad, 1971). Heavy 
downpours of 50 mm or more within 24 hours are not un-
usual and mist is frequent (Van der Schijff and 
Schoonraad, 1971). The lower reaches of the catchment 
receive less than 500 mm per annum, with February being 
the wettest month receiving an average rainfall of 118 mm 
and July the driest month with an average rainfall of 5 mm 
(Klaserie Private Nature Reserve, unpublished). 

The upper Klaserie River sub-catchment falls entirely 
within the Southern Temperate Highveld aquatic ecore-
gion (Abell et al., 2008). Igneous and metamorphic rocks 
dominate the basement geology, predominantly Swazian 
Potassic and Nelspruit suite granite/gneiss (Johnson et al., 
2006). The remainder of the basement geology are sedi-
mentary rocks from the Wolkberg Group of the Transvaal 
Supergroup. The soils of the upper Klaserie sub-catch-
ment are predominantly chromic luvisols and orthic 
acrisols (FAO, 1995). 

Three vegetation biomes are represented in the upper 
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Klaserie sub-catchment: forest, grassland and savanna 
(Mucina and Rutherford, 2006). The savanna biome 
makes up more than 75% of the sub-catchment area, with 
18% forests and 5% grasslands. The upper Klaserie River 
is relatively pristine with more than 70% of the sub-catch-
ment area considered to be in a natural state. There are 
limited anthropogenic impacts on water quality above 
human settlements which border a short stretch of the 
river in the lower part of the sub-catchment. The land 
cover at higher altitudes is mostly forest; Northern Mist-
belt Forest (Mucina and Rutherford, 2006), but this has 
been reduced through afforestation. Afforestation began 
in the 1930’s and by the 1960s much of the upper catch-
ment had been converted to Pinus and Eucalyptus plan-
tations. Forestry currently comprises 20.1 km2 (Perry, 
2014), about 12% of the catchment area. Indigenous forest 
remains in gullies, ravines, and other steep slopes. Over 
the past decade, some plantations have been abandoned 
and transformed to either secondary grassland, forest, or 
thickets. The lower altitudes of the sub-catchment contain 
limited rural residential areas (about 10% of the sub-

catchment area) and dryland subsistence agriculture and 
fallow lands (about 3% of the sub-catchment area). Nu-
merous wetlands occur in the catchment, with at least one 
known to have been physically altered through partial 
drainage.  

Historical data 

Historical river flow time series data were acquired 
from the Department of Water and Sanitation’s Resource 
Quality Services web site (Department of Water and San-
itation, 2021) for the gauging stations at the Klaserie Dam 
wall (B7R001) and the Fleur-de-Lys weir (B7H004). 
Daily rainfall data from 1960 to 2021 were sourced from 
two weather stations; Mariepskop forestry station (E 
030.86900°; S 24.58476°, altitude of 1315 m asl) and 
Salique forestry station (E 030.90904°; S 24.60679°, al-
titude of 930 m asl) (Fig. 1).  

Statistical analyses 

All maps, graphs and statistical analyses were gener-

Fig. 1. Map of the upper Klaserie River catchment showing locations of the Fleur de Lys (B7H004) and Klaserie Dam (B7R001) 
gauging stations and Mariepskop and Salique weather stations. The upper Klaserie River is shown in relation to the Klaserie River 
catchment (inset), the Olifants River (red area within the yellow area representing the Olifants River catchment, and regionally in 
relation to the Limpopo River System, indicates by the grey area.

Non
-co

mmerc
ial

 us
e o

nly



Hydrological characteristics of extreme floods in the Klaserie River, a headwater stream in southern Africa 41

ated/performed using the R 4.2.2 statistical software (R 
Development Core Team, 2022). Results were considered 
statistically significant at p<0.05.  

 
Catchment geomorphology 

The basic catchment parameters, including catchment 
area (A), catchment perimeter (P), length of the basin along 
the main stem (L), total length of all streams (Lu),  number 
of streams by stream order (nu) sensu Strahler (1957), and 
maximum and minimum elevations (ELEVmax and 
ELEVmin, respectively) were compiled using QGIS 
(https://www.qgis.org/en/site/). The geomorphological pa-
rameters of a catchment can be grouped into three main cat-
egories: catchment geometry (e.g., form factor, elongation 
ratio, circularity ratio), drainage network (e.g., bifurcation 
ratio, drainage density, stream frequency, texture ratio) and 
relief characteristics (e.g., basin relief, relief ratio, rugged-
ness number) compiled from Horton (1945), Miller (1953), 
Schumm (1956) Strahler (1957), (Gardiner and Park, 
1978), Goudie et al. (2003), Goudie (2004), and Chopra et 
al. (2005). The geomorphological parameters calculated for 
the upper Klaserie River catchment are summarised in Tab. 
1. In addition, linear regressions of the log of the number 
of streams in each stream order as a function of the stream 
order was performed using the lm function in R. The bifur-
cation ration (Horton, 1945) was then calculated as the an-
tilog of the slope of the regression. Similarly, the length 
ratio (Horton, 1945) was calculated from the regression of 
the log of total length of stream in each stream order as a 
function of the stream order. 

 
Rainfall data 

Daily rainfall data from 1960 to 2021 from both forestry 
stations were summed for each year. Linear regression was 
used to compare the annual and daily rainfall records from 
the two forestry stations using the lm function in R. A mod-
ified t-test was used to test whether the slopes of the linear 
regressions were statistically different from 1 following 
Hannweg et al. (2020); see Supplementary Material for R 
code. A significant result for the modified t-test indicates 
that the slope differs significantly from a 1:1 relationship 
between the rainfall recorded at the two forestry stations. 

The monthly mean, standard deviation, and coefficient 
of variation were calculated for the mean daily flows at 
the Fleur-de-Lys gauging station and rainfall data from 
the Mariepskop forestry station for 1960 to 2021. These 
were plotted to explore variations in runoff and rainfall 
over the year and identify the hydrological year for the 
sub-catchment. 

To explore whether any changes between the frequen-
cies of these rainfall events could be detected over the 
study period, 1960 to 2021, the number of days with rain-
fall greater than 50, 75, 100 and 150 mm were tallied for 

each hydrological year grouped into 5- and 10-year peri-
ods. Shapiro-Wilk tests (shapiro.test) indicated non-nor-
mal distributions (p<0.001) for both 5- and 10-year 
periods. Therefore, non-parametric Kruskal-Wallis tests 
were performed (kruskal.test) to determine whether there 
were significant differences in the frequency of the spec-
ified rainfall events. Prior to the Kruskal-Wallis test, the 
Ljung-Box test was conducted to determine whether the 
residuals of the time series were independently distrib-
uted, to confirm data were not autocorrelated, using the 

Tab. 1. Formulae for the calculation of geomorphological pa-
rameters for the Upper Klaserie River sub-catchment expressed 
in terms of catchment area (A), catchment perimeter (P), length 
of the basin along the main stream (L), total channel length in 
the catchment (Lc), the number of streams with Strahler stream 
order u (Nu), and the maximin and minimum elevations in the 
catchment (ELEVmax and ELEVmin, respectively). 

Geomorphological parameter                              Formula 

Shape factor                                                                    

Circulatory ratio                                                              

Form factor                                                                     

Elongation ratio                                                               

Bifurcation ratio                                                              

Drainage density                                                             

Constant of channel maintenance                                   

Stream frequency                                                            

Drainage texture                                                             

Infiltration number                                                          

Length of overland flow                                                 

Basin relief                                                                      

Relief ratio                                                                      

Ruggedness number
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Box.test function in R. The Ljung-Box test was conducted 
with lags of 1, 5, and 10 years to evaluate whether there 
was autocorrelation at these intervals. The null hypothesis 
for the Ljung-Box test is that the residuals are independ-
ently distributed and the preferred outcome is failure to 
reject the null hypothesis, i.e., p> 0.05. 

 
Flow data 

One rating table, calibrated in 1960, was found for 
Klaserie Dam, while three rating tables were found for the 
Fleur-de-Lys gauging station; calibrated in 1950, 1986, 
and 2002. The 1950 and 1986 rating curves were cali-
brated to a stage height of 4.5 m, while the 2002 rating 
curve was only calibrated to 2.07 m. One flood exceeded 
the 2002 rating table calibration, reaching a stage height 
greater than 5 m. A power curve fitted was to the three 
Fleur-de-Lys rating table’s data to allow for estimation of 
the discharge based on the measured stage height for this 
period (Supplementary Fig. 1).  

The flow data for the entire Fleur-de-Lys data set was 
recalculated using the measured stage height and the rating 
curves derived for the respective periods. Time series plots 
of the daily average flow for the Fleur-de-Lys gauging weir 
(B7H004) and Klaserie Dam wall (B7R001) were used to 
identify flood events. Where possible, hydrographs were 
prepared for selected floods. The mean daily flow was used 
to calculate the flow duration curves. The mid-point of that 
mean daily flow class interval (y-axis) were plotted against 
the cumulative frequency of the daily flow class intervals 
(x-axis). A flow duration curve was prepared for the Fleur-
de-Lys gauging weir for 1950 to 2021, and for the Klaserie 
Dam gauging station for 1960 to 2021. 

Pardé coefficients (Pardé, 1964) were calculated 
from these monthly run-off values following Trubilow-
icz et al. (2013): 

 
where Pki is the Pardé coefficient for month i, i is the 
month, j is the year, and Qij is run-off in month i and year 
j (m3s–1). The Pardé coefficient Pki represents the ratio of 
the mean average run-off in month i to mean annual run-
off. The Pardé coefficients sum to 12 for each year. The 
Pardé coefficients were calculated for the entire study pe-
riod and for each decade included in the study period. 
Non-Metric Multi-Dimensional Scaling (NMDS) and 
Cluster Analysis were performed to determine whether 
there was evidence of changes in the decadal Pardé coef-
ficients using the vegan package for R (Oksanen et al., 
2018). Euclidean distance was used to construct a resem-
blance matrix using the vegdist function, while the NMDS 
and cluster analyses were conducted using the metaMDS 
and meandist functions, respectively. 

Flood frequency analysis 

The global increase in precipitation extremes (Brooks 
et al., 2020; Fowler et al., 2021) has not resulted in a cor-
responding increase in flood intensity (Sharma et al., 
2018). Rather, an increase in the frequency of floods has 
been observed (Hirsch and Archfield, 2015). Prediction 
of the probability of flood events has traditionally been 
based on flood frequency analysis (Davie and Quinn, 
2019) based on the assumption of flow stationarity (Kim 
et al., 2018; Do et al., 2020), defined by Milly et al. 
(2008) as “natural systems fluctuating within an unchang-
ing envelope of variability.” However, climate and land-
scape change predict non-stationarity in rainfall and flood 
frequencies and the stationarity assumption of traditional 
flood frequency may no longer be applicable (Milly et al., 
2008; Villarini et al., 2018). Non-stationarity can be man-
ifest as periodicity, a trend, or step change in the mean 
and/or variance of time series data (Slater et al., 2021b).  

The peaks over threshold (POT) approach with a gen-
eralized Pareto distribution was used to compile flood se-
ries because it is more robust under non-stationary 
conditions than traditional methods using Gumbel and log-
Pearson Type III distributions (Khaliq et al., 2006). Two 
important considerations of POT analysis are the determi-
nation of the threshold level and validation that the ex-
ceedances are independent, and not associated with the 
same flood event (Mostofi Zadeh et al., 2019). The thresh-
old level was chosen using the semi-automated process 
recommended by Durocher et al. (2018) based on the 
mean residual life, dispersion index, and threshold choice 
plots, generated using the POT package for R (Ribatet and 
Dutang, 2022). To reduce the risk of dependent observa-
tions, the exceedances were declustered by removing ex-
ceedances separated by less than a minimum time span 
using the cluster function of the POT package. Selecting 
the maximum value in each cluster helps in achieving the 
needed statistical independence among the POT observa-
tions (Mostofi Zadeh et al., 2019). Because the floods in 
the upper Klaserie River were mostly of short duration, the 
minimum value for each cluster was set to 3 days. Once 
the threshold had been chosen, the exceedance events were 
extracted and declustered. A generalised Pareto distribu-
tion was generated using the fitgpd function of the POT 
package using maximum likelihood estimation. A return 
level plot was then generated for the upper Klaserie River 
and the estimated magnitude of 5-, 10-, 20-, 50-, 100- and 
200-year floods were calculated. The estimated return pe-
riod for the January 2012 flood was then calculated. 

 
Predictors for floods 

To explore whether floods at Fleur-de-Lys gauging sta-
tion could be predicted from rainfall, the day-to-day change 
in mean daily flow was used as the dependent variable. To 
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focus on substantial increases in mean daily flow, and to re-
duce the extent of the dataset, a minimum increase in mean 
daily flow of 0.5 m3s–1 was selected. This threshold was se-
lected as the mean daily flow was less than this for over 60% 
of the days in the dataset. Cumulative rainfall for periods of 
2, 3, 7, 14, and 28 days (ending on the day of interest) were 
calculated and used as an independent variable, in addition 
to the rainfall for the day, and mean daily flow for the pre-
vious day. The rainfall variables were calculated for both 
the Mariepskop and Salique forestry stations data and 
analysed separately. Since the aim was to determine whether 
there was a link between the rainfall and increases in flow, 
records where the two-day cumulative rainfall less than 50 
mm for an increase in mean daily flow were excluded. Re-
gression trees were used to identify conditions that resulted 
in increases in mean daily flow exceeding 0.5 m3s–1 using 
rpart; rpart package (Therneau et al., 2013). To provide con-
text, the positions of the top 5 increases in mean daily flow, 
all exceeding 45 m3s–1, within the decision tree were noted.  

RESULTS 

For the gauging station at Fleur de Lys, primary data 
were available from 01/11/1950 to 19/04/2021, although 
there were gaps in the records, the most significant being be-
tween 01/09/1999 and 01/01/2004 while the Fleur-de-Lys 
gauging station was being rebuilt. The average annual fre-
quency of the daily records prior to 01/09/1999 was 2.2 
records per day. From 2004, the average annual frequency 
of the daily records was 87.5 records per day, reaching a 
maximum 120 records per day at times (Supplementary 
Fig. 2). The difference in the temporal resolutions of data 
complicated comparison between floods that occurred prior 
to 2000 and floods after 2004. For the Klaserie Dam, records 
were available from 01/09/1961 to 31/03/2021. The average 
annual frequency of the daily records prior to 2005 was 0.63 
records per day and 30.29 thereafter (Supplementary Fig. 2). 

Catchment geomorphology 

The geomorphological parameters for the upper Klaserie 
River sub-catchment are summarised in Tab. 2. The sub-
catchment has an area of 164 km2 with a dendritic drainage 
pattern. The main stem of the Klaserie River flows 33 km 
long with an elevational change of 1160 m, a basin relief of 
0.035. The ruggedness number of 2.72 lies towards the upper 
limit of the 2.0 or 3.0 range for a first or second-order basin 
(Goudie, 2004). The Klaserie River is a 5th order stream at 
both Fleur de Lys and Klaserie Dam gauging stations. 

Rainfall and flow 

The annual rainfall recorded at the Mariepskop forestry 
station was consistently greater than that of the Salique 
forestry station (regression slope=0.727; adjusted 

R2=0.684) and the regression slope differed significantly 
from 1 (modified t-test p<0.001). Similarly, the monthly 
rainfall at the Mariepskop forestry station was consistently 
greater than that of the Salique forestry station (regression 
slope=0.603) and the regression slope differed signifi-
cantly from 1 (modified t-test p<0.001), however, this re-
gression line was a poor representation of the data because 
it described less than 40% of the variation within the data 
(adjusted R2=0.367). The increased rainfall at Mariepskop 
may be due to increased orographic precipitation because 
the Mariepskop station is on the watershed between the 
Kalserie and Blyde river catchments and almost 400 m 
higher than the Salique station (Supplementary Fig. 3). 

The rainfall and mean daily flow relationship for the 
upper Klaserie catchment followed a hydrological year 
commencing between May and September (Fig. 2a). Rain-
fall generally peaked in January, while the mean daily flow 
peaked in February. The mean daily flow was considerably 
higher from February to May than from August to Novem-
ber despite similar monthly rainfall totals. This was likely 
due to infiltration of rain water into the ground water in-
creasing soil saturation from August to January and draining 
of the ground water from February to May, see Wasko et al. 
(2020). The coefficient of variation for the mean daily flow 
was greater than 100% throughout the year (Fig. 2b), a char-
acteristic of South African rivers (Davies and Day, 1998). 
For rainfall, the coefficient of variation was between 50 and 
85% for the wet months, October to April, increasing to 
160% for the dry months, June to September (Fig. 2b).  

The Ljung-Box test failed to reject the null hypothesis 
that the residuals in the annual rainfall for the Mariepskop 
forestry station by year, 5-years and decade were independ-
ently distributed (all p>0.7). Comparison of the annual rain-
fall over 5- and 10-year periods found no significant 
differences (Supplementary Tab. 1). Similarly, no signifi-
cant differences were found between the frequencies of 
rainfall events greater than 50, 75, 100 and 150 mm for both 
the 5- and 10-year periods (Supplementary Tab. 1). 

Flow duration curves 

For Fleur-de-Lys, the largest flood occurred in January 
2012, followed by January 1976, March 1972, March 1956, 
and February 2021 floods (Fig. 3a). The flow at the Klaserie 
Dam wall confirmed that the January 2012 flood being the 
largest, followed by the March 1993, January 1976, and 
February 2000 floods (Fig. 3b). No flow data were available 
for the February 2000 flood for Fleur-de-Lys. 

Flow duration curves based on mean daily flows are 
shown in Fig. 4. For Fleur-de-Lys, there was flow almost 
constantly throughout the evaluation period, and the curve 
is typical of a perennial headwater stream with no regu-
lation. The Klaserie Dam wall only spilled about 35% of 
the time and, since this dam has no sluices, it only dis-
charges downstream when spilling. 
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Tab. 2. Summary of geomorphological parameters for the Upper Klaserie River sub-catchment. 
Geomorphological parameter                                                                                           Calculated value 
Area                                                                                                                                           164.46 km2 

Perimeter                                                                                                                                     72.45 km 
Catchment length along main stem                                                                                            32.70 km 
Total stream length in the catchment                                                                                         386.34 km 
Strahler stream Order                                                              1                            2                          3                           4                          5 
Number of streams by Strahler order                                    320                         74                        17                         4                          1 
Total length of streams by Strahler order                             220.7                      79.5                     45.6                      21.1                     19.4 
Mean length of streams by Strahler order                             0.69                       1.07                     2.68                     5.27                   19.42 
ELEVmax                                                                                                                                                                                                                                 1700 m 
ELEVmin                                                                                                                                                                                                                                    540 m 
Shape factor                                                                                                                                   6.502 
Circulatory ratio                                                                                                                             0.247 
Form factor                                                                                                                                    0.154 
Elongation ratio                                                                                                                             0.111 
Strahler stream orders                                                            1:2                                  2:3                                3:4                                 4:5 
Length ratio                                                                          2.775                              1.746                            2.166                             1.085 
Bifurcation ratio                                                                   4.324                              4.352                            4.250                             4.000 
Bifurcation ratio (regression)                                                                                                        4.244 
Length ratio (regression)                                                                                                               1.857 
Drainage density                                                                                                                        2.349 km–1 

Constant of channel maintenance                                                                                               0.426 km 
Stream frequency                                                                                                                      2.541 km–2 

Drainage texture                                                                                                                       5.770 km–1 

Infiltration number                                                                                                                    5.971 km–1 

Length of overland flow                                                                                                             0.213 km 
Basin relief                                                                                                                                   1160 m 
Relief ratio                                                                                                                                     0.036 
Ruggedness number                                                                                                                       2.725

Fig. 2. a) The relationship between monthly rainfall in the upper Klaserie catchment (Mariepskop station) and averaged daily flow at 
the Fleur-de-Lys gauging station and b) the coefficient of variation for monthly rainfall and averaged daily flow.
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Fig. 3. Mean daily flow for a) the Fleur-de-Lys gauging station (B7H004) and b) Klaserie Dam wall gauging station (B7R001).

Fig. 4. Revised mean daily discharge and flow duration curve for a) the Fleur-de-Lys gauging station (B7H004), and b) the Klaserie 
Dam wall gauging station (B7R001) on the upper Klaserie River.
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The mean and decadal Pardé coefficients calculated 
for the Klaserie River at the Fleur de Lys gauging station 
show that the flow is greatest from December to March, 

peaking in February (Tab. 3, Fig. 5a). From the multivari-
ate analyses, there is evidence that the Pardé coefficients 
for the 1970s and the 1990s are very similar to the mean 

Tab. 3. Mean and decadal monthly Parde coefficients for the Upper Klaserie River sub-catchment at Fleur de Lys gauging station 
(B7H004) from 1950 to 2019. 

Month Mean 1950s 1960s 1970s 1980s                   1990s 2000s 2010s 

July 0.395 0.372 0.446 0.54 0.569 0.392 0.124 0.253 
August 0.265 0.291 0.307 0.377 0.343 0.28 0.053 0.141 
September            0.247 0.299 0.196 0.313 0.211                   0.223 0.036 0.421 
October 0.291 0.309 0.415 0.366 0.331 0.293 0.052 0.175 
November            0.538 0.491 0.852 0.48 0.823 0.453 0.473 0.236 
December            1.322 1.042 1.403 0.925 1.793                   1.413 2.15 0.788 
January 2.108 1.972 1.696 2.146 1.25 1.991 2.85 3.011 
February              2.645 3.124 2.379 2.265 2.683 2.367 2.152 3.029 
March 2.037 1.855 1.879 2.276 1.94 2.415 1.901 2.161 
April 1.322 1.149 1.456 1.337 1.254 1.243 1.794 1.272 
May 0.54 0.677 0.582 0.593 0.528 0.648 0.337 0.375 
June 0.29 0.418 0.387 0.382 0.274 0.281 0.078 0.139

Fig. 5. Multivariate analysis of the Pardé coefficients for the upper Klaserie River at the Fleur-de-Lys gauging station (B7H004) cal-
culated for the entire study period and for decades within the study period: a) mean Pardé coefficients (1950-2019); b) non-metric 
multi-dimensional scaling plot; c) cluster dendrogram.
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Pardé coefficient for the 60 years of the study, while those 
for the 2000s and 2010s differ considerably to the study 
period mean (Fig. 5 b,c). Because a single value for the 
Pardé coefficients was calculated for each decade, it was 
not possible to determine whether this difference was sta-
tistically significant. 

 
Flood frequency analysis 

The flood frequency analysis was conducted using 6 
m3s–1 as a threshold. The general Pareto distribution fitted 
to the declustered exceedance data had a scale value of 
8.709 (±1.263) and a shape value of 0.429 (±0.125). The 
density plot shows that the majority of the flows above 
the threshold are below 50 m3s–1 (Fig. 6a). The predicted 

flow for floods by the return level are plotted in Fig. 6b 
and presented for selected return levels in Tab. 4. The pre-
dicted return level for the January 2012 flood was calcu-
lated to be 225.42 years.  

 
Flood hydrographs 

Hydrographs for the January 2012, January 1976, De-
cember 1987, and March 1997 floods are presented in 
Fig. 7. The spill flow from the Klaserie Dam gauging sta-
tion for the 1976 flood does not correspond to the flow 
data from the Fleur-de-Lys gauging station. For the 1987 
flood, the Klaserie Dam level was more than 4 m below 
the spillway prior to the flood and the flood peak was 
contained in the reservoir, therefore, a substantial flood 

Tab. 4. Estimated flow for the Upper Klaserie River sub-catchment at Fleur de Lys gauging station (B7H004) at selected return periods. 

Return period (years)                                     Flow (m3s–1)                                                 95% CI (m3s–1) 

5                                                                             44.43                                                        35.50 – 60.28 
10                                                                           64.77                                                        50.08 – 99.62 
20                                                                           92.15                                                       64.65 – 163.74 
50                                                                          143.40                                                     90.903 – 316.56 
100                                                                        198.01                                                                 * 
200                                                                        271.52                                                                 * 
*Confidence interval calculation could not be completed because a value of infinity was returned in the intermediate results.

Fig. 6. Density and return level plots for flood discharges for the Fleur-de-Lys gauging station (B7H004) on the upper Klaserie River 
for the period November 1950 to April 2021 generated using the peaks over threshold method to construct a generalised Pareto distri-
bution for extreme events.
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peak was not recorded at the Klaserie Dam wall (Supple-
mentary Fig. 4). For the 2012 flood, the estimated flood 
peak of 1200 m3s–1 at Fleur-de-Lys gauging station cor-
responded to the 800 m3s–1 flood peak at the Klaserie 
Dam wall. 

 
Predictors for floods 

For the regression tree analyses, 286 and 261 records 
of increases in mean daily flow greater than 0.5 m3s–1 were 
found for the Mariepskop and Salique rainfall data. For 
Mariepskop, the regression tree had four terminal groups 
(Fig. 8a). The top 5 flow increases were distributed be-
tween the two groups with the highest mean increase in 
daily flow. The first group had a mean increase in daily 
flow of 71.1 m3s–1 and was delineated by a two-day cu-
mulative rainfall greater than 240.2 mm. Four of the top 
5 flow increases were contained in the eight records for 
this group. The final top 5 flow increase was in the group 
with an average increase in daily flow of 23.7 m3s–1, which 
was delineated by a two-day cumulative rainfall less than 
240.2 mm, mean daily flow greater than 3.2 m3s–1 on the 
day before the increase, and a 28-day rainfall exceeding 
678 mm. For Salique, the regression tree again had four 
terminal groups, Fig. 8b. The top 5 flow increases were 
again distributed between the two groups with the highest 
mean increase in daily flow. The first group had had aver-
age increase in daily flow of 71.4 m3s–1 and was delineated 
by a two-day cumulative rainfall greater than 211.7 mm. 
Four of the top 5 were contained in the eight records for 

this group. The final top 5 flow increase record was in the 
group with an average increase in daily flow of 12.1 m3s–1, 
which was delineated a two-day rainfall less than 211.7 
mm, a 28-day rainfall greater than 341.9 mm. 

Four of the top 5 flow increases (January 2012, January 
1976, December 1987, and February 1960) were common 
to the first groups of the Mariepskop and Salique regression 
trees, which were delineated by two-day cumulative rainfall 
figures. The remaining record of the top 5, March 1972, is 
an anomaly because it has 14-day cumulative rainfall fig-
ures of 138 and 141 mm for the Mariepskop and Salique 
weather stations, respectively, without any discernible 
short-term rainfall association for the increase in mean daily 
flow. When the criteria for the first groups of the Mariep-
skop and Salique data were applied to the full rainfall 
record, only the aforementioned four records were com-
mon. None of the records where no flow data were avail-
able for the Fleur-de-Lys gauging station met both criteria.  

 
 

DISCUSSION 

Five major floods have occurred in the upper Klaserie 
river over the past 50 years, of which the 2012 flood was 
by far the largest. The 2012 flood caused substantial eco-
nomic damage (Fitchett et al., 2016) and modification of 
the river channel (AMS, personal observation). Flows in 
excess of 1200 m3s–1 were recorded at the peak of this flood 
in a stream with an average flow less than 1 m3s–1. The 
upper Klaserie is restricted to a single channel for most of 

Fig. 7. Hydrographs for the four largest floods recorded at the Fleur-de-Lys (B7H004) and Klaserie Dam (B7R001) gauging stations 
on the Klaserie River.
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the study area but becomes anastomosing below the Fleur 
de Lys gauging station. For the majority of the study area, 
the substrate consists of bedrock overlain with boulders, 
cobbles, gravel and sand. The high water velocities resulted 
in the finer sand and gravel substrate being reduced in the 
upper reaches of the study area and consolidation of the 
anastomosing reaches into fewer channels below Fleur de 
Lys (SAEON, unpublished data). There was also a substan-
tial removal of trees and shrubs in the anastomosing 
reaches. An increase in the frequency of moderate to large 
floods in the lowveld predicted from climate change could 
result in the frequent stripping of in channel vegetation 
communities from the anastomosing reaches of the Klaserie 
River as observed for the Olifants and Sabie rivers in the 
Kruger National Park communities (Parsons et al., 2005; 
Milan et al., 2018).  

Flood frequency analysis indicated that the 2012 flood 
exceeded the magnitude predicted for a 1-in-100-year 
flood with an estimated return frequency of 225 years. 
Based on the classification of Nathan and Weinmann 
(2019), floods with return levels between 20 and 100 years 
are considered to be moderate and rare while floods return 
levels between 100 and 1000 years are considered to be 

large and very rare. However, it should be noted that the 
wet season data were not complete for about 12 of the 
years covered by this study and that additional large floods 
could have occurred in these periods, particular in 2000. 
Considering that climate change models predict an in-
crease in frequencies of severe rainfall events (de Wit and 
Stankiewicz, 2006) and sub-tropical cyclones making 
landfall in southern Africa (Fitchett, 2018), the frequency 
of floods of this magnitude is likely to increase. Our analy-
sis of 5- and 10-year rainfall periods was inconclusive and 
could not identify significant shifts in the frequency of 
daily rainfall events greater than 50, 75, 100 and 150 mm. 
However, the large coefficient of variation for annual and 
monthly rainfall makes it difficult to discern long-term 
trends in rainfall based on the 60 years of data analysed. 
Furthermore, our trend analysis was based on data from a 
single weather station. A significant difference was found 
for the rainfall between the two weather stations, which 
were 5.25 km apart and had an elevation difference about 
400 m. The lower elevation Salique weather station re-
ported an almost 25% lower annual rainfall than the higher 
elevation Mariepskop station. This suggests substantial 
spatial variation of rainfall within the upper Klaserie River.  

Fig. 8. Regression trees describing the relationship between cumulative rainfall and the increase in the mean daily flow at the Fleur-
de-Lys gauging station (B7H004) based on rainfall data from a) the Mariepskop and b) the Salique weather stations. Numbers at the 
end of each branch show the increase in mean daily flow, ‘Q.1’ is the mean daily flow on the day before the increase and ‘rain.xx’ rep-
resents the cumulative rainfall for xx days including the day of the increase.
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The regression tree analysis provided some insights 
regarding the rainfall drivers of the extreme floods 
recorded. Four of the five largest increases in mean daily 
flow at the Fleur-de-Lys occurred when the two-day cu-
mulative rainfall recorded at the Mariepskop and Salique 
weather stations exceeded 240 mm and 212 mm, respec-
tively. For the 2012 flood, this value exceeded 400 mm at 
both weather stations. However, the March 1972 flood, 
the third largest flood on record, did not meet either of the 
aforementioned criteria and had comparatively low 14-
day cumulative rainfall at both weather stations. It was 
not possible to determine whether this is an artefact of the 
rainfall or flow records. When the regression tree criteria 
were applied to the rainfall data over periods where there 
was no flow data available for Fleur-de-Lys, there were 
periods where the criterion of one weather station was 
met, but not both. In most of these cases, there was con-
siderable disparity between the cumulative rainfall figures 
from the two weather stations. For example, from the 18th 
to 20th of February 2001, 1400 mm of rainfall was re-
ported for the Salique weather station, however, only 222 
mm rainfall was recorded at the Mariepskop; for the 21st 
of December 2001 the two-day cumulative rainfall at 
Mariepskop was 400 mm but the 14-day cumulative rain-
fall figure for Salique was only 41 mm; and on the 19th of 
March 2000 the two-day cumulative rainfall at Mariep-
skop was 387 mm but the 14-day cumulative rainfall fig-
ure for Salique was only 229 mm. These examples all 
occurred over a period between 1999 and 2004 when the 
Fleur-de-Lys gauging station was being rebuilt. Unfortu-
nately, the spillage data for the Klaserie Dam gauging sta-
tion is also incomplete over this period. Intense Tropical 
Cyclone Leon-Eline, which made landfall in Mozambique 
on the 22nd of February 2000, caused severe flooding in 
the Limpopo and Nkomati-Crocodile River systems, in-
cluding the Olifants River. However, the rainfall recorded 
at both weather stations was only 100 mm for the 23 of 
February 2000. Tropical storms or cyclones moving over 
the region that resulted in similar floods events were Very 
Intense Tropical Cyclone Terry-Danae in January 1976, 
Tropical Cyclone Eloise in January 1987 and Subtropical 
Depression Dando in January 2012. 

Alternatives to the regression tree approach used in 
this study involve the development of a hydrological 
model for the catchment based on the unit hydrograph 
method (Sherman, 1932) or the soil and water assessment 
tool (SWAT) (Neitsch et al., 2011) incorporating the CN-
curve developed by the Soil Conservation Service of the 
US Dept. of Agriculture (Cronshey, 1986). Changes in 
land-use can be related to changes in hydrology through 
the CN-curve. The unit hydrograph method requires an 
hourly record of rainfall and flow for gauging stations 
within a catchment. For the upper Klaserie River, the rain-
fall data from both weather stations were not available on 

an hourly basis, while the flow data from Fleur de Lys 
gauging station were only available following the refur-
bishment of the gauging station in 2004. Therefore, it was 
not possible to utilise the unit hydrograph method for the 
current study. Future studies could use this methodology 
provided rain gauges capable of recording rainfall on an 
hourly basis are installed at one, or both, weather stations. 
Such a gauge has already been installed at the Mariepskop 
station, and another is planned for Salique.  

A hydrological model for the upper Klaserie catch-
ment was developed by Perry (2014) using the SWAT 
methodology and including a CN-curve. The CN-curve 
was based on the land-use data of the South African Na-
tional Biodiversity Institute’s 2009 land-cover shape file 
(South African National Biodiversity Institute, 2008). The 
model was calibrated based on stream flow data from 
1993 to 1999 and evaluated based on data from 2004 to 
2010. The following parameters were found to be signif-
icant in the global sensitivity analysis of the resultant 
model; the runoff curve number, soil evaporation com-
pensation coefficient, water capacity of the soil layer, 
threshold depth of water in the shallow aquifer, ground-
water delay time, and groundwater ‘revap’ coefficient. 
The performance of the hydrological model was satisfac-
tory for the calibration data, but was less accurate for the 
test data. This may be due to the test data covering the pe-
riod after the gauging station had been revamped and a 
new rating curve being used for the test data. Future re-
search could use this hydrological model with a series of 
land-cover data to evaluate the change in CN-curve as the 
land-cover changes, based on land-cover data generated 
from aerial photographs of the catchment.  

The SWAT hydrological model could be used to eval-
uate whether the extremity of the 2012 flood could be at-
tributed to land cover changes in the preceding decade 
leading to greater severity flooding despite similar rainfall 
patterns to previous decades. The majority of the forestry 
plantations in the catchment above the Fleur-de-Lys were 
decommissioned around the year 2000, and, by 2012, 
some plantations had been cleared and transformed to sec-
ondary grassland, dense savanna, or young indigenous 
forest. The remaining plantations have since been aban-
doned, with many invaded by non-native plant species.  

Similar hydrological data to those used for this study 
are available for other headwater streams in South Africa, 
thanks to the extensive monitoring programme established 
by the South African government over the past century. 
While there are deficiencies in these data, which included 
significant gaps during periods of high flow, low resolution 
of prior to 2004, and inconsistencies in the stage depth 
ranges, our study demonstrates that such data can still be 
used to detect and characterize major floods, and further 
our understanding of their causes. Continuation of such 
monitoring, as well as collocated water quality monitoring, 

Non
-co

mmerc
ial

 us
e o

nly



Hydrological characteristics of extreme floods in the Klaserie River, a headwater stream in southern Africa 51

is vital for river health monitoring and the detection of fu-
ture extreme floods as climate change progresses. 

 
 

CONCLUSIONS 

The January 2012 flood in the upper Klaserie River was 
the largest flood recorded for this system and had an esti-
mated return level of 225 years using the peaks over thresh-
old methodology with a generalised Pareto distribution. 
While there were gaps in the data, e.g., between 1999 and 
2004 when the 2000 floods caused significant damage in 
the Olifants River system, this study demonstrated that 
analyses of flood frequency and flow duration curves were 
possible for a small headwater stream in southern Africa. 
Two-day cumulative rainfall was found to be the best pre-
dictor of large floods for this stream, although other factors 
such as land use change are likely to have contributed, at 
least for the most recent, and largest, flood. A detailed hy-
drological model, combined with mapping of land cover 
change, is needed to confirm this, and to enhance our ability 
to predict future floods of this magnitude.  As our analyses 
for detecting changes in rainfall and flood patterns were ex-
ploratory and we further recommend that non-stationarity 
analyses be performed for to evaluate whether there is ev-
idence of the impact of climate change on these parameters.  
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