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N.A. Rivers-Moore, R.W. Palmer, and H.F. Dallas

Abstract: Black ﬂy along the Orange River are major pests of livestock and labour-intensive agriculture, causing annual
estimated industry losses in excess of US$30 million. The problem is attributed to winter high ﬂows, with the main pest species
being Simulium chutteri Lewis, 1965, although Simulium damnosum Theobald, 1903 and Simulium impukane de Meillon, 1936 may also
be periodically problematic. During 2011, black ﬂy outbreaks along the middle Orange River were perceived by farmers to have
worsened and attributed to S. impukane. Here, we investigate the likelihood of this being the case, using a weight-of-evidence
approach incorporating ecohydrological data. Results showed that it is unlikely that the 2011 outbreaks were caused by S. impukane,
and more likely that the main outbreak cause remains S. chutteri. Sustained high ﬂows and turbidity levels favour S. chutteri
species over the other species of black ﬂy, while ﬂow conditions for a species such as S. impukane were favourable for 1% of the
time only. However, during periods of lower ﬂow and lower turbidity, other species of black ﬂy may be favoured and contribute
towards periodic outbreaks. We conclude that black ﬂy control should focus on management issues around the control
programme.
Key words: Bayesian networks, black ﬂy, hydrology, Orange River, Simulium chutteri, Simulium impukane, water temperature.
Résumé : Les mouches noires le long du ﬂeuve Orange sont très nuisibles pour le bétail et l’agriculture à forte intensité de
main-d’œuvre, causant des pertes annuelles pour le secteur estimées à plus de 30 millions $US. Le problème est attribué aux forts
débits hivernaux, la principale espèce nuisible étant Simulium chutteri Lewis, 1965, bien que Simulium damnosum Theobald, 1903,
et Simulium impukane de Meillon, 1936, puissent également s’avérer problématiques par moment. En 2011, des agriculteurs ont
noté que les pullulations de mouches noires le long du cours intermédiaire du ﬂeuve Orange avaient empiré et attribuaient ces
dernières à S. impukane. Nous examinons la probabilité que cela soit effectivement le cas par une approche basée sur le poids de
la preuve qui intègre des données écohydrologiques. Les résultats montrent qu’il est peu probable que les pullulations de 2011
aient été causées par S. impukane et qu’il est plus probable que la principale cause des pullulations demeure S. chutteri. De forts
débits et niveaux de turbidité soutenus favorisent davantage l’espèce S. chutteri que d’autres espèces de mouche noire, les
conditions d’écoulement pour une espèce comme S. impukane n’ayant été favorables que 1 % du temps. Durant des périodes de
faibles débits et de faible turbidité, d’autres espèces de mouche noire pourraient toutefois être favorisées et contribuer à des
pullulations périodiques. Nous en concluons que la lutte contre les mouches noires devrait s’axer sur des questions de gestion
entourant le programme de lutte antiparasitaire. [Traduit par la Rédaction]
Mots-clés : réseaux bayésiens, mouche noire, hydrologie, ﬂeuve Orange, Simulium chutteri, Simulium impukane, température de l’eau.

Introduction
Increased demands on water resources in South Africa over the
past 40 years have resulted in dams being built and interbasin
transfers occurring to make water more easily accessible and
readily available (de Moor 2002). However, changes in river ﬂows
from such actions result in changes to ecological conditions and
consequent changes in aquatic biota and community composition
(O’Keeffe and de Moor 1988). One such example of ecological consequences is in the Orange River, where black ﬂy (Diptera: Simuliidae) have become a pest in response to altered ﬂows. This is not
unlike the black ﬂy problem in Canada’s Saskatchewan River system, where changes in river volumes and turbidity levels due to
ﬂow regulation caused by construction of reservoirs in the mid1970s resulted in changes in dominances of black ﬂy species
(Fredeen 1977). The black ﬂy problem in the Orange River began in

the 1970s following completion of the Gariep and Vanderkloof
dams in the mid-reaches (Palmer 1998). The problem is attributed
to elevated winter ﬂows, with the main pest species being Simulium
chutteri Lewis, 1965, although there are times when Simulium
damnosum Theobald, 1903, and Simulium impukane de Meillon, 1936
may be problematic (Palmer and Rivers-Moore 2008). Myburgh
(2003) demonstrated the links between winter water temperatures and physiological responses of larval black ﬂy, which underpin the higher fecundity of the spring population and hence the
propensity for spring outbreaks if larvae are not controlled during
the preceding winter.
Black ﬂy along the middle and lower reaches of the Orange
River are major pests of livestock and labour-intensive agriculture
(Palmer 1997). An outbreak along the Orange River can be deﬁned
when the behaviour of sheep changes to the extent that they stop
grazing and lie together, tightly bunched, and individuals quickly

Received 7 January 2014. Accepted 23 April 2014.
N.A. Rivers-Moore. Centre for Water Resources Research, University of KwaZulu-Natal, Private Bag X01, Scottsville, 3209, South Africa.
R.W. Palmer. Nepid Consultants, P.O. Box 4349, White River, 1240, South Africa.
H.F. Dallas. Nelson Mandela Metropolitan University, P.O. Box 77000, Port Elizabeth, 6031, South Africa.
Corresponding author: N.A. Rivers-Moore (e-mail: blackﬂy1@vodamail.co.za).
Can. J. Zool. 92: 505–513 (2014) dx.doi.org/10.1139/cjz-2014-0008

Published at www.nrcresearchpress.com/cjz on 23 April 2014.

Can. J. Zool. Downloaded from www.nrcresearchpress.com by CSP Staff on 05/28/14
For personal use only.

506

Can. J. Zool. Vol. 92, 2014

lose condition (see Palmer 1997: 26). An outbreak situation along
the Orange River can be expected when the mean abundance
of larvae in stones-in-current habitat exceeds class 7 (i.e., >120
larvae·16 cm–2; Palmer 1994). The outbreaks have a major impact
on sheep farming and grape industries, with cost estimates ranging from US$6.7–US$8.8 million (Palmer 1997; Palmer et al. 2007)
to more recent surveys of US$13.3 million per annum in the agricultural sector alone (2004 costs at approximately US$2·kg−1 for
mutton, which would equate to approximately US$33.3 million at
current meat prices of US$5·kg−1). Black ﬂy outbreaks continue to
cause signiﬁcant economic losses to the tourism, labour, and agricultural sectors. Agricultural impacts occur through stock loss
in conception, body mass loss, and mortality. Such ﬁgures are
roughly equivalent to those reported by Fredeen (1985) in Saskatchewan, Canada, with livestock losses exceeding CAN$2.9 million during 1978, concentrated largely within an area of 5700 km2, which
broadly approximates the affected area along the Orange River.
The black ﬂy control programme on the Orange River was initiated by the National Department of Agriculture in 1991 (Palmer
1997). The programme focusses on the middle and lower reaches,
extending over approximately 850 km of river and 148 black ﬂy
breeding sites (rapids, rifﬂes, and cascades), with a mean of one
breeding site every 5.7 km (Rivers-Moore et al. 2008a). While an
integrated control programme was recommended, focussing on
the low-ﬂow July (winter) period, the main control approach remains aerial larvicide applications (Palmer 1997; Rivers-Moore
et al. 2008b). Two bacterial larvicides (Teknar and Vectobac )
and one organophosphate (Abate ) are registered to control
black ﬂy in South Africa, and the current control programme is
based on weekly monitoring and applications of Vectobac . The
winter dose is higher (10 000 L; concentration = 2.4 ppm) than
the summer dose (5 000 L; concentration = 1.6 ppm) to afford more
certain control of the crucial winter population. Additional details on the monitoring programme may be found in the literature
(Palmer 1997; Palmer and Rivers-Moore 2008; Rivers-Moore et al.
2008a).
During 2011, black ﬂy outbreaks in the middle and lower
reaches of the Orange River were reported by local farmers to
have been worse than recent previous years, and the possibility
was raised that a second species was responsible for the increased
problem. This perception was based on unveriﬁed inferences
made in response to an outbreak in the late 1990s and in response
to observed behaviour of adult black ﬂies typical of S. impukane
(i.e., abundant in short grass, tendency to congregate around ankles; also coming indoors and congregating on inside windows as
they attempt to get outside) (R.W. Palmer, personal observation).
Irrespective of which species is to blame, understanding the
causal factors contributing to black ﬂy outbreaks requires knowledge of the variables governing black ﬂy larval numbers, which
include water velocity, available habitat, and water temperature
(Crosskey 1973; Sheldon and Oswood 1977; Palmer and O’Keeffe
1995; de Moor 2003; Rivers-Moore et al. 2006, 2008b).
Emerging from discussions between the larvicide provider and the
National Department of Agriculture (N.A. Rivers-Moore and R.W.
Palmer, unpublished data), two hypotheses relating to the cause of
the outbreaks were posed: H1 = the black ﬂy problem in 2011 was
caused by larvicides not reaching the reed habitat, where S. impukane
larvae typically occur; H2 = the problem is not biological (i.e.,
S. impukane is not the problem), but management-related, speciﬁcally
with respect to the helicopter-based larvicide control programme.
The aim of this study was to evaluate which hypothesis was more
likely to be correct based on a weight-of-evidence approach linked to
species-speciﬁc hydraulic preferences.

®

®

®

®

Materials and methods
The model of Palmer and Craig (2000) which postulates that the
presence of black ﬂy species can be characterised by a plot of

seston preference (turbidity levels) versus ﬂow velocity was used
as the conceptual framework for this study. Palmer and Craig
(2000) proposed that seston availability was a major factor in the
evolution of black ﬂy labral fan structure, and that particle concentration and water velocity were two of the most important
determinants of black ﬂy larval distribution. Here, labral fan
structure could be used to predict the habitat of black ﬂy species,
with the model predicting four broad labral fan groups based on
relative position along axes of water velocity and seston availability. Using this model has the advantage that should desired black
ﬂy species not be available for laboratory experiments, comparable species in terms of velocity or seston preferences may be used.
To evaluate the likelihood of which of two or more competing
species could be responsible for the outbreaks, we selected two
species on opposite sides of this framework (i.e., preference for
high velocities and high turbidity levels versus low velocities and
low turbidity levels). For the Orange River, S. chutteri has historically been responsible for outbreaks, and prefers swift, turbulent
waters of large rivers, with high pest densities typically occurring
for ﬂow velocities >1 m·s−1 (Rivers-Moore et al. 2007). The labral
fans of S. chutteri fall into the “strong porous” group, where larvae
are typically associated with high velocities and high seston availability. This is largely a result of feeding efﬁciency and available
habitat increasing above these current speeds. In the Great Fish
River, a sharp inﬂection point of available habitat for S. chutteri
was identiﬁed at 2 m3·s−1 (Rivers-Moore et al. 2007), while in the
Orange River a sharp inﬂection point in available habitat was
identiﬁed at approximately 300 m3·s−1 (Palmer 1997). Conversely,
S. impukane has recently been implicated in causing outbreaks, but
without substantiation: larval labral fan structure falls into the
“weak complex” group (diametrically opposite to that of S. chutteri),
reﬂecting a preference for slow water velocities and low seston availability (clear water). Palmer (1997) describes S. impukane as present
and widespread in rivers, but not as a pest except occasionally for
avifauna. Larvae are generally associated with clear mountain,
foothill, and temporary streams (Palmer and O’Keeffe 1995; de
Moor 2002, 2003) and Rivers-Moore et al. (2006) found that highest
densities of S. impukane occurred at velocities of 0.3 m·s−1.
For this study, water temperature was investigated as a third
variable in addition to ﬂow velocity and seston availability, because water temperatures are likely to effect the number of generations of black ﬂy during the year (Rivers-Moore et al. 2013), and
different species of aquatic macroinvertebates have been shown
to exhibit different levels of sensitivity to thermal thresholds
(Dallas and Rivers-Moore 2012). It was therefore reasonable to
assume that the different species of black ﬂy occurring in the
Orange River, which have different preferences for hydraulic
habitat, may also respond to different water temperature regimes.
Study area
Ten sites ranging in altitude from 699 to 779 m above mean sea
level along the middle Orange River between the towns of Upington and Keimoes, South Africa, were sampled (Fig. 1). Four sites
were located in the main channel (UP1, UP5, UP6, UP8), ﬁve in an
anastomosed (braided) section (UP2–UP4, UP9, UP10), and two in
agricultural return ﬂow channels (UP7, UP8). The cluster of sites
between the towns of Keimoes and Upington occurred in an anastomosed reach of the Orange River, approximately 6 km wide and
9 km long. Here, owing to the underpinning geology, the Orange
River splits into multiple channels, with ﬂow volumes and ﬂow
velocities greatly reduced within each channel. Upstream and
downstream of this, the Orange River reverts to a single channel.
While this area is the largest anastomosed section along the
middle Orange River, such sections occur at intervals along the
middle Orange River, coinciding with granitic intrusions. Along
the irrigated sections of the Orange River, numerous canals that
divert water away from the Orange River to surrounding agricultural areas (mostly vineyards) also occur as suitable habitat for
Published by NRC Research Press
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Fig. 1. Locations of sites sampled along the middle Orange River between the towns of Upington and Keimoes, South Africa. Inset shows the
context of the study sites within the Orange River catchment (light grey) and the subcatchment (dark grey) of the study.

certain black ﬂy species, together with channels with slower ﬂowing agricultural return ﬂows that have high salinity levels.
Ecohydrological and water temperature assessments
A range of data was collected for use in the seston – velocity –
water temperature conceptual framework. This process began
with a ﬁeld survey of black ﬂy habitats within one of the focal
problem areas along the Orange River conducted from 27 to
29 November 2012. The purpose of the sampling was to assess distributions of black ﬂy species across a range of hydraulic habitats
that would be likely to include species responsible for pest outbreaks. Stratiﬁed surveys in selected hydraulic biotopes (rapids
and rifﬂes, plus slow-ﬂowing backwaters) at a number of sites
on the middle Orange River were conducted to collect Simulium
larvae. Rocks and trailing vegetation in rifﬂe or run biotopes were
assessed for the presence of black ﬂy larvae. Larvae were identiﬁed to species in the ﬁeld using a hand lens. For each site where
larvae were assessed, measurements of channel width, depth, turbidity, and ﬂow velocity were collected. These data were complemented with hydraulic preference data (ﬂow velocities, discharges,
and hydraulic habitat) obtained from the literature for selected black
ﬂy species.
Next, hydrological analyses were undertaken using mean daily
ﬂow data from the ﬂow gauging weir (D7H005) nearest the town
of Upington to assess how often ﬂows would be likely to be suitable for S. chutteri versus S. impukane. Use of data from this gauging
weir was a trade-off between more accurate data from a gauging
weir (D7H014: Neusberg) that only had data from 1993 versus
longer term data (1943–current) for the weir selected to allow
for longer term comparisons of differences in pre- and postimpoundment ﬂows. Flow time series for 70 years of observed
ﬂow data provided the opportunity to assess changes in suitable
ﬂows for each species before and after impoundment. Time series
data were split into pre- and post-impoundment groups, deﬁned
as 1943–1975 and 1976–2012, respectively, with 1975 as the cut-off
date based on when major impoundments were constructed.
Missing data for this time period constituted just over 2% of the
data set and were excluded from analyses. Differences in ﬂows

between each period were assessed using ﬂow durations linked to
particular discharges. Threshold discharges were selected using
optimal ﬂow velocities of 1 m·s−1 for S. chutteri and 0.3 m·s−1 for
S. impukane (Rivers-Moore et al. 2006, 2007), which were related to
discharges based on discharge–velocity curves from Palmer (1997).
Addressing the temperature axis of the conceptual model required that in situ water temperature data be collected to inform
associated laboratory studies on thermal thresholds for eggs
and larvae. Short- and long-term water temperature data were
assessed to provide baseline information for the thermal experiments. Hobo TidBit version 2 water temperature data loggers
(Onset Computer Corporation, Bourne, Massachusetts, USA) were
installed at ﬁve sites to provide insights into differences in diurnal
temperature cycles between the faster ﬂowing single-channel areas (S. chutteri habitat) and the anastomosed section (potential
S. impukane habitat). Temperature data loggers were placed in areas coinciding with habitats where black ﬂy larvae were collected.
Logging intervals were set to 20 min, providing 72 readings per
day over an approximately 48 h period from 27 to 29 November
2012. Longer term time series of hourly water temperatures were
obtained from the South African Department of Water Affairs
gauging stations at the upper- and lower-most reaches of the black
ﬂy problem, from 20 February to 17 August 2010 and from 1 June
2003 to 31 May 2004, respectively.
For the thermal threshold studies, eggs and larvae were collected. Sandbars associated with upstream pools were sampled for
S. chutteri eggs at three sites in the vicinity of Upington, where
disturbed benthic sediment was sieved through a 100 m mesh
net. Eggs for other species of black ﬂy (primarily S. damnosum)
were collected from trailing vegetation and rocks at sites within
the anastomosed reach of the Orange River downstream of
Upington. Larvae of S. chutteri were collected from trailing vegetation. Egg and larval samples were transported to a laboratory in
cooler boxes with ice bricks. Thermal tolerance experiments were
undertaken at a range of temperature intervals according to the
approach of Dallas and Ketley (2011) and V. Ross-Gillespie (Freshwater Research Unit, Department of Zoology, University of Cape
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Town, personal communication, 2013). Experimental temperatures were chosen to represent a range above and below mean
temperatures of approximately 23 °C, and guided by in situ temperatures previously recorded for the Orange River in the vicinity
of the collection points.
Egg samples were divided into two replicates with the aid of a
compound microscope, where replicate 1 had between 200–450 eggs
and replicate 2 had between 40–90 eggs. The petri dishes containing the replicate egg samples (10 cm diameter × 1 cm deep) were
ﬂoated in small aquaria and heated at different experimental temperatures (10, 15, 20, 25, 30, 33.5 °C) using calibrated aquarium
heaters. Thermal experiments were undertaken in a controlled
temperature environment set at 10 °C with full spectrum ﬂuorescent lights on a 12 h light : 12 h dark cycle. Air stones were used to
aerate the water in the tanks for better heat distribution in each
tank. Petri dishes were checked daily for signs of hatching and
ﬁlled with fresh aerated water. Date of oviposition was estimated
by comparing egg development photographs taken of the black
ﬂy eggs obtained from the Orange River (on arrival) to those of the
trichopteran Chimarra ambulans Barnard, 1934, as both species
have been observed to show similar embryonic development (RossGillespie 2013). Kruskal–Wallis analysis of variance (ANOVA) tests
were performed to detect differences in egg hatch parameters
among treatments.
The LT50 (i.e., the temperature at which 50% of the sample survives in a speciﬁed time) of S. chutteri larvae was determined using
the incipient lethal method (Fry 1947; Beitinger et al. 2000), which
involves holding duration constant while temperature is varied,
with assessments based on survival of a proportion of a sample
(Terblanche et al. 2007). Larvae were placed in experimental
chambers immersed in glass aquarium tanks heated to ﬁve different temperatures and aerated to >75% oxygen saturation that also
served to simulate ﬂow. The mean (± SD) experimental temperatures in each tank were calculated as 16.2 ± 0.1, 23.3 ± 0.6, 26 ± 0.1,
30.0 ± 0.2, and 37.0 ± 0.2 °C, based on water temperatures recorded
at 15 min intervals throughout the experiment using Hobo
TidbiT version 2 loggers. Twenty-three individuals were placed in
each experimental chamber and chambers were checked for survival every 24 h for 4 days (96 h). LT50 values and 95% conﬁdence
intervals for S. chutteri larvae were calculated using the trimmed
Spearman–Karber analysis (USEPA TSK Programme version 1.5).
This method is used extensively for estimating median lethal concentrations in toxicity bioassays and has been shown to be accurate, precise, and robust and is easily computable (Hamilton et al.
1977).

®

Estimating the likelihood of outbreaks being caused by
S. impukane
To integrate the seston and velocity preference model for the
species of black ﬂy in the Orange River with known variables
controlling black ﬂy outbreaks (i.e., ﬂow volumes and the functioning of the control programme), a simple Bayesian network
(BN) model was developed. Such networks are useful as a decision
support tool for considering the inﬂuences of multiple variables
on a measured response variable (Stewart-Koster et al. 2010) (for
example, black ﬂy outbreaks). A BN essentially consists of causeand-effect relationships and is a tool for facilitating the development of conceptual models for representing relationships between
variables, even if the relationships involve uncertainty. Consequently, this approach is free from the arguments of too little data
and BNs show good prediction accuracy even using small sample
sizes (Batchelor and Cain 1999; Uusitalo 2007; Kjaerulff and
Madsen 2008). Using this approach, BNs are particularly useful in
predicting the likelihood of an event occurring through consideration of both independent and interactive (conditional) causal
environmental variables on the response variable—in this case,
probability of black ﬂy outbreak (Stewart-Koster et al. 2010).

Table 1. Habitat data of black ﬂies from sites sampled in smaller channels.
Site

Turbidity
(mg·L−1)

Width
(m)

Depth
(m)

Velocity
(m·s−1)

UP2
UP3
UP4
UP7
UP8
UP9
UP10

46.7
—
46.7
<4.6
—
50.0
50.0

7.5
5.0
4.0
1.0
5.0
2.0
8.0

0.25
0.70
0.17
0.15
—
0.27
0.30

0.50
0.30
0.50
<0.35
0.80
0.35
1.20

Note: Widths, depths, and velocities are only reﬂected
for the smaller channels surveyed from the anastomosed
sections, with sites UP1, UP5, and UP6 not shown, as these
were in the main channel and were not assessed.

Table 2. Flow velocities (m·s−1) by black ﬂy species (Sade, Simulium
adersi; Schu, Simulium chutteri; Sdam, Simulium damnosum; Smac, Simulium
mcmahoni; Smed, Simulium medusaeforme; Sruf, Simulium ruﬁcorne),
measured using a ﬂow meter adjacent to where species were sampled.
Site
UP1
UP2
UP3
UP4
UP6
UP7
UP8
UP9
UP10
Mean

Sade

Schu

Sdam

Smac

Smed

0.50B
0.75B

0.50A
0.30A
0.40A

0.75A
0.35A
0.90A

0.35B
0.90B

0.53

0.63

Sruf

1.60C
0.50A
1.60B
0.90C
1.60C
0.95A
0.35A
0.90A

0.35A
1.60A

0.75A
0.35B
0.90B

0.68

1.28

0.65

0.35A
0.35A

0.35

Note: Abundances are noted as present (A) common (B), or abundant (C).

In this model, turbidity, discharge, and channel type (parent
nodes) were selected as causal variables for predicting the probability of either S. chutteri or S. impukane being dominant at a given
time (child node). Each variable was assigned two variable states,
for example, the variable “discharge” could be classiﬁed as either
“high” or “low” based on whether or not it exceeded a given ﬂow
volume threshold. The probabilities of each state of the parent
nodes were deﬁned based on a number of approaches, for example, for ﬂow conditions the return intervals for ﬂows below or
exceeding 65 m3·s−1 (as a chosen intermediate ﬂow value; see
Table 5) were calculated from ﬂow data for the Upington weir.
Quantitative data were unavailable for turbidity data or periods of
successful spraying, and so subjective but possible values were
used instead. The proportion of single channel to anastomosing
(braided) sections was also not known, and we assumed a ratio of
90% vs. 10%. Nodes were linked in cause-and-effect sequences using the Bayesian software NETICA version 4.16 (Norsys Software
Corp. 2010). Using these data, conditional probabilities of the
black ﬂy species being S. chutteri or S. impukane (as a generic species
representing low ﬂow and low turbidity conditions typically occurring in the anastomosing sections of the middle Orange River)
were generated based on combinations of parent node variable
states. This response variable in turn interacted with a management variable (probability of larvicide spraying being successful)
to provide a ﬁnal response variable reﬂecting the probability of a
black ﬂy outbreak.

Results
Ecohydrological and water temperature assessments
All sites generally had lower densities of black ﬂy larvae and
pupae than expected, but many rocks were covered in algae and
turbidity levels were lower than expected. Irrespective of site location, turbidity was consistent between the single channel and
Published by NRC Research Press
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Fig. 2. Number of larval posterior hooks versus ﬂow velocity preferences (based on data from Palmer and Craig 2000, with additions from
Rivers-Moore et al. 2006 and from this study). Simp, Simulium impukane; Sruf, Simulium ruﬁcorne; Smac, Simulium mcmahoni; Sade, Simulium adersi;
Smed, Simulium medusaeforme; Sdam, Simulium damnosum; Schu, Simulium chutteri.

the anastomosed sections of the middle Orange River, while the
channels with agricultural return ﬂows (UP7 and UP8) had very
low turbidity (Table 1). A total of six species of Simulium was recorded, with no individuals of S. impukane found. Simulium chutteri
was the most abundant and widespread species, whereas Simulium
ruﬁcorne Macquart, 1838 was restricted to the slow-ﬂowing, saline
agricultural return ﬂow channels. Notably, this was the ﬁrst time
that Simulium medusaeforme Pomeroy, 1920 has been recorded from
the Orange River. Flow velocities were generally below 1 m·s−1,
and the black ﬂy species sampled showed distinct ﬂow velocity
preferences, with S. chutteri being the only species preferring
ﬂows >1 m·s−1, while the remaining species showed preferences
for lower ﬂows across a spectrum from 0.35 to 0.68 m·s−1 (Table 2).
Four of the species group together in terms of the classiﬁcation
of Palmer and Craig (2000), preferring water with moderate seston
levels (10–50 mg·L−1), viz. Simulium adersi Pomeroy, 1922, S. damnosum,
Simulium mcmahoni de Meillon, 1940, and S. medusaeforme. By contrast, S. chutteri prefers seston-rich (>50 mg·L−1) water and high
velocities, with S. ruﬁcorne and S. impukane preferring the extreme
opposite habitat (seston-poor, clear water (<10 mg·L−1), and slow
ﬂows). In this study, all black ﬂy species sampled generally had
ﬂow velocity preferences in agreement with the ﬁgures provided
by Palmer and Craig (2000). The clear relationship between larval
morphology (number of posterior hooks) and ﬂow velocity preferences (Fig. 2) reafﬁrmed the relationship between species occurrence and ﬂow conditions. A second axis for describing larval
occurrence is seston size (turbidity) (Palmer and Craig 2000), such
that the species from this study could be arranged in a matrix of
ﬂow velocity versus turbidity (Table 3). These data clearly illustrate that the dynamic relationship between discharge and turbidity
will differentially favour different species of black ﬂy at different
times of the year.

Table 3. Matrix of ﬂow velocity versus turbidity showing relative preferences of different black ﬂy species sampled (after Palmer and Craig
2000).
Flow velocity (m·s−1)
−1

Turbidity (mg·L ) <0.35 0.35–0.55 0.55–0.75 0.75–1.00

>1.00

>50
10–50
<10

Schu
Smac

Sade

Sdam, Smed

Simp

Note: Sade, Simulium adersi; Schu, Simulium chutteri; Sdam, Simulium damnosum;
Simp, Simulium impukane; Smac, Simulium mcmahoni; Smed, Simulium medusaeforme.

Data on hydraulic preferences for S. chutteri and S. impukane
were sufﬁcient to characterise both species as having very different habitat requirements (Table 4). Simulium impukane selects
subcritical–turbulent but slower ﬂowing biotopes, while S. chutteri
has a preference for supercritical–turbulent “white waters”. Habitat availability for both species has changed as a consequence of
impoundment, with mean daily average ﬂows having decreased
from 359.0 to 218.9 m3·s−1 for preimpoundment versus postimpoundment periods. Mean monthly ﬂows for the preimpoundment
period between October and May were lower than for postimpoundment mean monthly ﬂows (Fig. 3). However for the critical
winter period (June to September) ﬂows for the postimpoundment period were similar to or greater than the preimpoundment
period (Fig. 3). The mean annual coefﬁcient of variation increased
from 1.64 for preimpact to 1.93 for postimpact. Flow data analyses
using ﬂow duration curves showed that ﬂows in the main channel
were generally favourable for S. chutteri, but do not drop to levels
favourable for S. impukane (Table 5).
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Table 4. Hydraulic thresholds for the black ﬂies Simulium chutteri and Simulium impukane.
Parameter

S. chutteri

S. impukane

Reference

Velocity (m·s−1)
Discharge (m3·s−1)
Reynolds number (Re)
Froude number (Fr)
Hydraulic habitat

>1
>100
>2000
>1
Supercritical–turbulent

<0.3
<2
>2000
<1
Subcritical–turbulent

Rivers-Moore et al. 2006, 2007
Palmer 1997
de Moor 1994; Rivers-Moore et al. 2007
de Moor 1994; Rivers-Moore et al. 2007
Davis and Barmuta 1989

Note: Re indicates whether ﬂows are laminar (Re < 500) or turbulent (Re > 2000). Fr is based on depth, velocity, and acceleration due
to gravity, and represents the ratio of inertial forces to gravitational forces that describes whether ﬂow is subcritical (Fr < 1; more
tranquil ﬂows), critical (Fr = 1), or supercritical (Fr > 1; broken white water). Hydraulic habitat is based on the classiﬁcation of Davis and
Barmuta (1989).
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Fig. 3. Mean daily average ﬂows per month for preimpoundment (1943–1975) and postimpoundment (1976–2012) periods at Upington gauging
weir.

Table 5. Probabilities (%) of ﬂow volumes at Upington occurring below ﬂow threshold values relevant to the black ﬂies Simulium impukane
and Simulium chutteri, and including two intermediate thresholds, for
pre- and post-impoundment periods.
Flow volume threshold
Period

2 (S. impukane)

30

65

100 (S. chutteri)

Preimpoundment
Postimpoundment

0.99
0.00

8.26
0.99

35.06
31.03

48.98
54.55

Short-term water temperature data was corroborated by the
longer term thermal time series, conﬁrming that water temperatures are relatively stable from day to day, with the high volume of
water buffering temperature ﬂuctuations. Mean water temperatures were similar between sites, with daily mean water temperatures ranging from 24.6 to 25.3 °C (SD = 0.5–1.1 °C). However,
what was noticeable was that temperature data fell into two distinct patterns, viz. pronounced sinusoidal diurnal cycles at anastomosed sections (sites UP2, UP4, andUP5) and less pronounced
daily variation in the main channel (sites UP 3 and UP6), with daily
ranges of 4.2–4.4 versus 1.67–2.3 °C, respectively. This was in
agreement with longer term water temperature data, where both

sites exhibited small daily temperature ranges (1.5 ± 0.6 and 1.69 ±
0.9 °C for upper and lower sites, respectively), with maximum
daily ranges only being 3.2 and 4.5 °C, respectively. The longer
term water temperature data were, however, able to provide perspectives on seasonal trends, with water temperatures ranging
from approximately 14 °C for winter minima to approximately
30 °C for summer maxima.
No eggs for S. chutteri were found. Our thermal experiments
suggest that egg development and hatching for S. damnosum was
optimum at approximately 25 °C, with a highly synchronous
100% hatch approximately 9 days after oviposition (estimated development of 5 days in the river, 1 day in transit, and 4 days in the
laboratory). Percent hatch was ≥99% at 10, 15, and 20 °C, while
hatching dropped to 74% at 30 °C and failed completely at 33.5 °C,
suggesting a critical limit for development between 30 and
33.5 °C. It was estimated that, given an approximate water temperature for the Orange River at the time of collection of approximately 24 to 25 °C, all eggs had undergone roughly 5 days of
development prior to collection in the ﬁeld. Although Kruskal–
Wallis tests for egg hatching of S. damnosum were not signiﬁcant
(most likely due to having too few replicates at each temperature), trends were evident among treatments. Larval mortalities were observed after 24 h at all experimental temperatures,
Published by NRC Research Press
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Table 6. Variables, states, and prior probabilities of the Bayesian network model for black ﬂy outbreaks in the Orange River, South Africa.
Node

States

Probabilities

Turbidity
Discharge
Channel type
Simulium
Spraying
Outbreak probability

High, low
High, low
Single, anastomosing
chutteri, impukane
Successful, unsuccessful
High, low

80% vs. 20%
63% vs. 37%
90% vs. 10%
See Table 7A
80% vs. 20%
See Table 7B

Table 7. Conditional probability table (CPT) for the likelihood of the
problem black ﬂy species being either Simulium chutteri or Simulium
impukane, based on combinations of the variable states for turbidity,
discharge, and channel type (A) and CPT for the likelihood of a black
ﬂy outbreak, based on combinations of the variable states for the
black ﬂy species and the success of the spraying programme (B).
(A) CPT for likelihood of black ﬂy species being either S. chutteri or
S. impukane.
Variable states for
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Turbidity

with 100% mortality after 48 h at 26.1, 30.0, and 37.0 °C. Because of
the relatively high mortality rate, it was only possible to estimate
the 24 h LT50, which was 26.1 °C, with a lower 95% conﬁdence limit
of 25.1 °C and an upper 95% conﬁdence limit of 27.0 °C. Both the
short-term temperature data collected during this study and the
longer term historical data assessed indicate periods of exceedance of this 24 h LT50 threshold.
Under a mix of calculated and assumed base probabilities
(Tables 6, 7), there was a 28% probability of an outbreak at any
time, assuming an 80% probability that the spraying programme
is successful and that S. chutteri is just over three times more likely
to be the cause of the problem than S. impukane (Fig. 4). With an
observed effect of no outbreak (i.e., low outbreak probability =
100%), it is highly likely that the control programme is operating
successfully (94.1%), while it is still more than twice as likely that
residual species will be S. chutteri based on ambient ﬂow, turbidity,
and channel conditions. As the model is currently conﬁgured and
where a conﬁrmed outbreak is observed (i.e., outbreak probability = 100%), it is highly likely that the causative species is S. chutteri
(98% probability), driven by high likelihoods of high ﬂows, turbidity, and where resident populations occur in the single-channel
areas. In this scenario, the probability of the spraying programme
not being successful also contributes to the situation (56.3% probability of not being successful).

Discussion and conclusions
During this survey, when the water was relatively clear
(<50 mg·L−1) and with much of the substrate that would be available to black ﬂy larvae covered in algae, six species of black ﬂy
were found across a range of hydraulic biotopes and habitats. This
included S. chutteri as the overwhelmingly dominant species in the
fast-ﬂowing main channel habitats, S. ruﬁcorne in the slow-ﬂowing
clear agricultural return ﬂow channels, and a mix of species
largely dominated by S. damnosum and S. mcmahoni in the slower
ﬂowing anastomosing sections. Simulium ruﬁcorne is often associated with temporary and polluted streams (Palmer and O’Keeffe
1995) and has probably expanded its range as a consequence of the
channels containing agricultural return ﬂows, which have similar
habitat to the natural habitat of saline springs. Because agricultural return ﬂows are seasonally relatively constant, it is likely
that populations of S. ruﬁcorne are also relatively constant over
time and outbreaks are not likely to be caused by this species.
What was of particular interest was ﬁnding S. medusaeforme at two
of the sites. This species is common in lower foothill streams,
together with S. damnosum and S. adersi (Palmer and O’Keeffe 1995;
Rivers-Moore et al. 2006). The presence of S. medusaeforme may be
a consequence of reduced ﬂows and turbidity changes that have
occurred resulting from completion of phase 1 of the Lesotho
Highlands water scheme in 2002, as this species has not previously been recorded on the Orange River based on surveys undertaken before this scheme was completed (Palmer 1997). No
individuals of S. impukane were found, although we note that the
absence of S. impukane was based on a single survey and that this
species may well have been present with more detailed seasonal
or monthly surveys.

Probability (%)

Discharge

Channel

Low
Low
Anastomosing
Low
Low
Single
Low
High
Anastomosing
Low
High
Single
High
Low
Anastomosing
High
Low
Single
High
High
Anastomosing
High
High
Single
(B) CPT for likelihood of a black ﬂy outbreak.

S. impukane

S. chutteri

100
50
60
30
80
40
48
0

0
50
40
70
20
60
52
100

Outbreak
probability (%)
Species

Spraying

Low

High

S. impukane

Successful
Unsuccessful
Successful
Unsuccessful

100
90
80
0

0
10
20
100

S. chutteri

The BN model was used to integrate the data examined in this
study and to determine which of the hypotheses was more likely.
In support of the ﬁrst hypothesis that the 2011 outbreaks were
caused by S. impukane, control measures would not be targeting
slower ﬂowing anastomosing river reaches and backwaters where
S. impukane would be breeding, because Vectobac is viscous and
shows limited lateral dispersion and downstream carry in vegetated channels. The larvicide therefore does not fully reach the
slower ﬂowing reedy habitats favoured by S. impukane (I. Garden,
Philagro/ValentBioScience, personal communication, 2012), and
such a dynamic has previously been linked to outbreaks of Simulium
luggeri Nicholson and Mickel, 1950, the main culprit of black ﬂy
outbreaks in the Saskatchewan River system, and whose larvae
inhabit weed beds where downstream carry of larvicides is reduced (Fredeen 1985). There was no means to ascertain whether
S. impukane adults, which favour avian hosts for a blood meal,
were prevalent in 2011 or 2012 because no poultry farms are present in the area and no problems relating to black ﬂy on poultry
had been reported to the state veterinarian during this period.
Conversely, in support of the second hypothesis that the problem relates to management of the control programme itself, limited dosage took place during 2010 and 2011 (N.A. Rivers-Moore
and R.W. Palmer, unpublished data) resulting from the changeover from a National Department of Agriculture owned helicopter
(load capacity = 800 L) to a contractor-owned helicopter (load capacity of 200 L and appointed each year through a tender process).
Within the constraints of this study, based on a weight-ofevidence approach within the conceptual framework of the
model by Palmer and Craig (2000), it is unlikely that the outbreaks
experienced during 2011 were the result of any species of black ﬂy
other than S. chutteri. Hydraulic preference data support the assertion
that the main cause of the black ﬂy problem remains S. chutteri,
where sustained high ﬂow volumes and turbidity levels favour
this species over the other species of black ﬂy. However, during
periods of lower ﬂow and lower turbidity, other species of black
ﬂy may be favoured and contribute towards periodic outbreaks.
Such switching in dominance of particular black ﬂy species in
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Fig. 4. Bayesian network diagram illustrating outbreak probability (observed effect) and relative conditional likelihoods of the driver
variables (Simulium species and success of the spraying programme) based on levels of turbidity, discharge, and channel type.

response to ﬂow volumes and turbidity has also been reported in
other large river systems (Fredeen 1977). The anasotomosing
reaches of the Orange River, where it is difﬁcult to apply larvicides
because of limited downstream carry, may act as reservoirs of
various species of black ﬂy. This may contribute towards periodic
outbreaks of pest black ﬂy, caused by multiple black ﬂy species
including S. damnosum and S. impukane. Here, optimal habitat conditions for S. impukane in the Orange River would be during lowﬂow periods (<30 m3·s−1) of clear water, and Rivers-Moore et al.
(2006) postulate that small changes in hydraulic conditions
caused by small changes in discharges may have large impacts on
habitat suitability and larval densities. Such periodic outbreaks
may be an unfortunate consequence of necessarily maintaining
residual populations of different species of black ﬂy in the Orange
River as part of its natural ecological functioning, with the anastomosing sections acting as conservation refugia.
Alternative control options are limited; biological control of
S. chutteri is not a viable option, particularly under high ﬂows, as
predator to prey ratios (hydropsychid trichopterans versus black
ﬂy larvae) drop once ﬂow velocities exceed 1 m·s−1 (Rivers-Moore
et al. 2007). Flow manipulation has potential, with certain caveats.
Limited ﬂow shutdowns have been shown to reduce black ﬂy
larval densities without detrimental impacts on nontarget macroinvertebrates (Rivers-Moore and de Moor 2008), and reducing
ﬂows to below a target threshold for at least a 2 week period in
July has been recommended (Palmer et al. 2007; Rivers-Moore
et al. 2008b). Winter ﬂow manipulations are not a simple solution,
however, and gains in black ﬂy control compete with other economic priorities such as hydroelectric power generation and winter irrigation. What this study has highlighted is that the best
avenues for improved black ﬂy control should focus on the management issues around the control programme, as previously
highlighted by Palmer et al. (2007).
Further studies would be required to verify the probabilities
used in the BN model, and this would depend on assimilation and
analysis of long-term monitoring data. This should be complemented with new studies required on the water quality, aquatic
fauna, and ﬂows because of the possible changes resulting from
the current and possible future phases of the Lesotho Highlands
Project. The existing model could be applied equally well to any

species of black ﬂy to assess the likelihood of it being responsible
for an outbreak, because of the predictive capability through its
development within the conceptual framework of Palmer and
Craig (2000). Such analyses would, however, be dependent on
identiﬁcation of species-speciﬁc hydraulic preference thresholds
used in combination with ﬂow volume time series. In its current
form, the model could also be used to identify periods of previous
outbreaks, based on probability estimates of preferred speciesspeciﬁc ﬂows for identiﬁed periods of time. Already at this stage
the model is useful because it highlights the need to collect turbidity data to reﬁne the probabilities for that node. This study has
also indicated that Orange River black ﬂy species may exhibit
different thermal tolerance thresholds relating to egg development and larval LT50 values, providing a basis for including temperatures in addition to seston availability and velocity. This is
further supported by previous studies that showed intraspeciﬁc
differences in egg development times in response to temperatures, with days to hatch for Simulium nigritarse Coquillett, 1902
and S. adersi being equivalent (≤13 days to hatch at 25 °C), while
S. chutteri eggs develop more quickly (7 days to hatch at 25 ± 1 °C)
(Begemann 1980, 1986). The hypothesis that different thermal
thresholds result in different outbreak behaviours of S. chutteri
and S. impukane remains to be investigated. Such a study would be
useful, as Rivers-Moore et al. (2013) demonstrated the potential for
different outbreak intensities based on relationships with water
temperatures using a modelled response of black ﬂy annual generation numbers to water temperatures. Species favouring lower
ﬂow velocity may have either higher LT50 thresholds than S. chutteri
or are more tolerant of thermal variation, and therefore during
periods of low ﬂows and lower turbidity, there is a stronger case
for these species contributing towards outbreaks. Should future
reﬁnements of the Bayesian Network model be undertaken, there
would be merit in including temperature as an additional variable.
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