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The influence of turbidity and water temperature on black fly
species in the middle and lower Orange River, South Africa
N.A. Rivers-Moore and R.W. Palmer

Abstract: Water clarity in the Orange River of South Africa alternates between highly turbid and clearer conditions. Multiple
ecological effects result from this that affect aquatic community structure and species composition, including switching of
dominant black fly species and growth of benthic algae. Fourteen sites in the middle and lower Orange River were sampled for
black fly species and abundances, presence of benthic algae, and water quality and turbidity seasonally between November 2015
and December 2016. Logistic regression models, time series analyses, and multivariate ordinations showed that clearer water
favours benthic algae and the minor pest black fly species Simulium adersi Pomeroy, 1922 and Simulium nigritarse Coquillett, 1902,
while high turbidity favours the major pest black fly species Simulium chutteri Lewis, 1965 and Simulium damnosum Theobald, 1903.
Moreover, these switches appear to be less frequent under post-impoundment conditions. We conclude that black fly species
composition is dynamic and reflects changes in flow and turbidity levels. Flow regulation has resulted in a trade-off between
improved water supply and ecological costs resulting from reduced ecosystem variability.

Key words: benthic algae, black fly, black fly control, Simulium damnosum, Simulium chutteri, system switch, water temperature.

Résumé : La limpidité de I’eau dans le fleuve Orange, en Afrique du Sud, oscille entre des conditions de forte turbidité et de plus
grande transparence. De nombreux effets écologiques découlant de cette situation ont une incidence sur la structure et la
composition spécifique des communautés aquatiques, dont des changements des espéces dominantes de simulies et la crois-
sance d’algues benthiques. Quatorze sites dans les cours intermédiaire et inférieur du fleuve Orange ont été échantillonnés sur
une base saisonniere de novembre 2015 a décembre 2016 dans le but de déterminer I'identité et I’abondance des espéces de
simulies, la présence d’algues benthiques et la qualité et la turbidité de I’eau. Des modeles de régression logistique, I’analyse de
séries chronologiques et I'ordination multivariée montrent qu'une eau plus transparente favorise la présence d’algues ben-
thiques et les espéces ravageuses mineures de simulies Simulium adersi Pomeroy, 1922 et Simulium adersi nigritarse Coquillett, 1902,
alors qu’une turbidité élevée favorise les espéces ravageuses majeures de simulies Simulium adersi chutteri Lewis, 1965 et Simulium
adersi damnosum Theobald, 1903. En outre, ces changements semblent étre moins fréquents dans les conditions établies aprés un
endiguement. Nous concluons que la composition des espéces de simulies est dynamique et refléte des variations des débits et
de la turbidité. Si la régularisation des débits offre un meilleur approvisionnement en eau, elle entraine toutefois des cofits
écologiques découlant d'une réduction de la variabilité écosystémique. [Traduit par la Rédaction]

Mots-clés : algues benthiques, simulie, lutte contre les simulies, Simulium damnosum, Simulium chutteri, changement systémique,
température de ’eau.

Introduction

Alternative stable states have been recognised as a theory ex-
plaining abrupt changes in ecological systems for almost 50 years
(Holling 1973), where ecosystem states change abruptly in re-
sponse to exceedance of ecological thresholds. Such switches are
distinct from gradual linear changes typical of natural systems
versus abrupt catastrophic switches triggered by key variables in
systems where resilience has been compromised (Scheffer et al.
2001). Examples of systems existing under alternative stable state

The Orange River has a unique place in South Africa’s biogeo-
graphical, hydrological, and political histories as the oldest, lon-
gest, and largest (by volume) river system in the country (Skelton
1986; van Vuuren 2012). The river is a rich water resource in the
driest part of South Africa, where the stone-age implements and
place names reflect human use going back for millennia. Progres-
sive impoundment of the middle and lower river reaches between
the 1930s and 1970s has provided access to this resource but has
also increased the incidence of outbreaks of pest black flies
(Rivers-Moore et al. 2014). The major controlling impoundment

regimes are known from various ecosystems including lakes and
lotic systems (Scheffer et al. 2001). Typically, switching between
states is unpredictable and triggered by stochastic events; how-
ever, their dynamic can have implications for periodic pest out-
breaks and the degree of success of control programmes (Schooler
et al. 2011). One such example of a river system alternating be-
tween clear and turbid conditions is the Orange River of South
Africa.

for flows on the Orange River is the van der Kloof Dam, which
became operational in 1977. With flow time series data going back
to the 1940s, hydroecological studies can consequently be divided,
where relevant, into pre- and post-impoundment periods with
1977 as the dividing event.

Riffles, rapids, and cascades provide the hydraulic habitat for
species of naturally occurring black fly with preferences for high
flow velocities and high turbidity. A scientifically based control
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programme using helicopter applications of two types of larvi-
cides was initiated in 1991 and continues to date. However, peri-
odic outbreaks of black fly occur, with the most recent outbreak
in 2011 (Rivers-Moore et al. 2014) and before that in 2000-2001
(Palmer et al. 2007). The control programme extends over some
850 km of the middle and lower Orange River, where 250 rapids
provide optimal breeding habitat for pest black fly species (Palmer
etal. 2007). The success of the control programme depends largely
on correct timing of larvicide applications. Black fly outbreaks
along the middle and lower Orange River have the potential to
cause losses to livestock production estimated conservatively at
US$13.3 million per annum (Rivers-Moore et al. 2014), and this
excludes losses in the tourism and irrigated agricultural sectors,
primarily through high annoyance levels (Mullins 2007). The ma-
jor pest species are Simulium chutteri Lewis, 1965 and Simulium
damnosum Theobald, 1903, but Simulium nigritarse Coquillett, 1902
and Simulium adersi Pomeroy, 1922 are also culprits (de Moor 1994,
and citing others). Adult females of S. chutteri and S. damnosum feed
primarily on mammals (livestock), whereas S. nigritarse and S. adersi
feed primarily on birds.

All four of the main black fly species display varying degrees of
generalised, altricial life history patterns with several gonotrophic
cycles per annum and similar potential fecundities, making these
species able to thrive with regulated flows (de Moor 1989; Brittain
1991; Palmer 1997). Their bionomics are all characterised by strat-
egies of asynchronous development, flexible voltinism, and com-
parative insensitivity to temperature change, rapid colonisation
ability, and high mobility (de Moor 1994). Consequently, larvae are
present throughout the year, with habitat suitability attaining its
highest value when abiotic influences (hydraulic habitat, water
temperature, and turbidity) are optimum and biotic influences
(predation and benthic algae) are at a minimum (de Moor 1994). A
combination of differences in life history strategies and labral fan
structure determine which species prevail under particular envi-
ronmental conditions. Eggs of all species mentioned above are
laid as patches on stones or trailing vegetation, except S. chutteri,
which scatter eggs in pools upstream of riffles. This behaviour is
regarded as more primitive than laying the eggs on substrates, but
it gives S. chutteri a competitive advantage in rivers with regulated
flows, as this trait reduces the risks of eggs drying.

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 (Rivers-Moore et al. 2007). However, dur-
ing periods of lower flow and lower turbidity, other species of
black fly tend to be more abundant. Changes in turbidity cause
switches in black fly species composition and concomitant
changes in abundance of benthic algae, and this was also noted in
the Vaal River by de Moor (1994). Benthic algae typically occur in
low-turbidity conditions, and their presence decreases the suit-
ability of rocky substrate for black fly larval attachment. Switch-
ing in dominance of black fly species in response to changes in
flow volumes and turbidity has also been reported in other large
river systems (Fredeen 1977). A dynamic spatiotemporal hydraulic
habitat template where water levels affect turbidity levels is likely
to underpin such switches. Here, the river system will be com-
posed of a mosaic of habitat patches favouring different biotic
elements at any one moment (Townsend 1989). Water tempera-
tures also influence abundance of benthic algae (de Moor 1994)
and rate of black fly larval development (de Moor 1982, 1994).

Palmer and Craig (2000) proposed that seston concentration
and water velocity were major factors in the evolution of black fly
labral fan structure and two of the most important determinants
of black fly larval distribution. Accordingly, labral fan structure
could be used to predict the distribution of black fly species, with
the model predicting five broad labral fan groups based on rela-
tive position along axes of water velocity and seston availability.
In the Orange River, the major pest black fly (S. chutteri) falls into
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Table 1. List of study sites showing site numbers and coordinates in
this study.

Downstream  Elevation (m above

Site  Latitude Longitude distance (km) mean sea level)
1 -29.16194 23.69623 174.6 993
2 -29.65553  22.74592 355.1 926
3 -28.43743  21.40092 621.6 800
4 -28.45798  21.26165 636.5 785
5 -28.45262  21.25943 636.5 785
6 -28.60385  21.14277 660.3 778
7 -28.46768  21.10197 666.5 765
8 -28.68780  21.06878 671.8 746
8a -28.68780  21.06878 671.8 746
8b —-28.68780  21.06878 671.8 746
9 -28.69490  21.01452 679.3 726
9a -28.69490  21.01438 679.3 726
10 -28.72913  20.98595 683.8 724
1 -28.51377  20.18694 785.0 439

Note: Sites as a function of downstream distance from van der Kloof Dam and
elevation are reflected. Sites 8a and 8b were agricultural return flow channels
and Site 9a was a small side channel.

the “strong porous” fan type, with preferences for relatively
higher seston concentrations and higher flow velocities. By con-
trast, the pest black fly S. damnosum and species that feed on birds
(S. nigritarse, S. adersi, and Simulium mcmahoni de Meillon, 1940) fall
into the “standard” fan type group, with preferences for moderate
seston levels of 10-50 mg/L over a range of velocities. The black fly
species Simulium impukane de Meillon, 1936 and Simulium ruficorne
Macquart, 1838 fall into the “weak complex” fan type, with a
preference for clear water. Considerable research has been under-
taken on factors influencing black fly populations (for example:
Carlsson 1967; Fredeen 1977; de Moor 1994; Rivers-Moore et al.
2007), but what remains unknown are the ecological responses to
system switches between turbid and clear water conditions. The
aims of this study were firstly to test the hypothesis that hydraulic
conditions under which the middle and lower Orange River
switches between clear and turbid conditions has no influence on
black fly species composition and secondly to evaluate the poten-
tial of biological control through predation of pest black fly under
turbid conditions using potential predator to prey ratios (hydro-
psychid predators versus S. chutteri larvae).

Methods

Study sites and data collection

Fourteen sites distributed along some 600 km downstream of
van der Kloof Dam, across the black fly problem area on the mid-
dle and lower Orange River, were selected for this study (Table 1).
These sites extended over an elevation range of some 600 m.
Sampling was undertaken in late spring (November 2015), late
summer (March 2016), winter (July 2016), and early summer (De-
cember 2016). Turbidity data (centimetres) were collected using a
clarity tube (Kilroy and Biggs 2002). Three spot readings of pH and
conductivity (microsiemens per centimetre) were recorded and
averaged for each site during each survey using a Hanna pH/con-
ductivity meter. Water temperature data were collected at 13 sites
using Hobo TidBit v2 water temperature loggers at hourly inter-
vals between 4 November 2015 and 2 November 2016.

At each site, black fly larvae and pupae were sampled across a
range of hydraulic habitats. Samples were either collected from
reeds, which were cut into short lengths and preserved or col-
lected from rocks in-current using a 250 pm mesh net held down-
stream while rocks were kicked and brushed. Larval densities
were rated according to the 10-point scale of Palmer (1994). Black
fly pupae and larvae were collected and preserved in 70% ethanol.
The presence or absence of benthic algae was recorded from site
observations at each field survey and sites with high numbers of
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Fig. 1. Conceptual grouping of Orange River black fly Simulium spp. by fan type based on seston concentration and velocity preferences
(Palmer and Craig 2000). The two most abundant pest species fall within the broken line ellipse.
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the density-independent black fly predator Cheumatopsyche spp.
(Trichoptera: Hydropsychidae). Hydropsychid abundances were
estimated based on habitat area measured on site and density
calculated from photographs.

Analyses

Site groupings based on turbidity, pH, and conductivity were
assessed using a principal components analysis (correlation ma-
trix) (McCune and Mefford 2011) and incorporating categorical site
scores for benthic algal presence or absence. For the water tem-
perature time series, data were summarized into daily minima,
maxima, and means. Thermal seasons were divided based on ob-
served mean daily water temperatures using regime shift detec-
tion software (Rodionov 2006) (p < 0.01, cutoff length = 30, Huber’s
weight parameter = 1).

Numbers of individuals per species for each site and sampling
period were recorded, with black flies in each sample identified to
species using the taxonomic keys in de Moor (2003).Species were
grouped according to the seston concentration - velocity prefer-
ence model of Palmer and Craig (2000) (Fig. 1). Raw abundance
data per species and life history stage were used in the analyses as
well as presence-absence and percentage data. Black fly species
turnover between seasons and sites was compared using a Bray—
Curtis analysis (Serensen (Bray—Curtis) distance measure: McCune
and Mefford 2011), with site groupings defined using a cluster
analysis (Serensen (Bray-Curtis) distance measure, group average
linkage method: McCune and Mefford 2011). Orders of magnitude
between abundance of black fly and hydropsychid predators were
measured and abundances of each were plotted according to
Palmer’s (1994) 10-point method of scoring black fly larval density.
Here, it was assumed that hydropsychid numbers would reach an
asymptote due to available habitat for webs. The ratio of black fly
(prey) to hydropsychid (predator) abundance was calculated and
plotted.

To characterise likely response of species to changes in turbid-
ity, the probability of occurrence of all sampled black fly species
was modelled using simple logistic regression in the statistical
software R (R Development Core Team 2009). Water clarity was
used as a predictor variable and presence-absence of each species
as the response variable. Similarly, the probability of occurrence
of benthic algae was modelled using multiple logistic regressions,
with water clarity and black fly abundance (density scores and

Fig. 2. Principal components analysis plot showing distribution of
sampling sites of four sampling seasons based on water quality.
Sites were defined in terms of algal presence or absence, with Axes 1
and 2 accounting for 45% and 34% of the variability, respectively.

31 Algae

A0
A1

Axis 2

Table 2. Eigenvalues for seasonal water quality variables
associated with the 14 black fly study sites on the middle and
lower Orange River with presence-absence of benthic algae
as a categorical value.

PC Axis 1 PC Axis 2
Cumulative percent variance 45.23 79.04
Variable Eigenvalues
pH 0.236 -0.676
Turbidity -0.673 -0.193
Conductivity -0.611 —-0.384
Benthic algae 0.344 —-0.599
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Fig. 3. Mean daily water temperatures at Site 2 over 1 year showing thermal seasons defined as being where statistically significant changes
in mean daily water temperatures occur. The monthly frequency of occasions when flow and turbidity conditions (total suspended solids

(TSS)) were likely to favour benthic algae is superimposed.
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total abundance of S. chutteri and S. damnosum larvae) as predictor
variables and presence-absence of benthic algae as the response
variable. Data from all sites and all surveys were combined for
these models.

To allow comparison with the fan complex model, turbidity
values were converted to seston concentrations (milligrams per
litre) according to eq. 1 (Palmer 1997; Rivers-Moore et al. 2007).
Next, we needed long-term time series of seston concentration,
and Palmer (1997) identified an exponential relationship between
flow rates and seston concentration (eq. 2). Observed mean daily
flow data time series were obtained from the South African De-
partment of Water Affairs and Sanitation Hydrological Informa-
tion System (www.dwaf.gov.za/Hydrology). Time series of mean
daily seston concentrations were generated from the mean daily
flow data at Upington (weir D7H005, 1942 to present).Return in-
tervals were calculated for a threshold of 30 mg/L (31 cm clarity),
which was chosen as a median value for the “standard” fan type.
Using this threshold, we calculated the number of potential
switching events for pre- and postimpoundment time periods.
We defined a switching event as being when seston concentration
was <30 mg/L for >12 days on the basis that this is the minimum
period required for S. chutteri to complete its aquatic life stage
(de Moor 1994). Thus, with each successive day where seston
concentration is <30 mg/L, the probability of hydraulic habitat
switching from turbid to clear increased additively by a factor of
1/12. We enumerated the events per month for pre- and post-
impoundment periods (1942-1977 and 1978-2016). The duration of
each event was calculated from the number of successive days
where the event probability was 1:

SD
logﬁ )

—0.616

1) TSS = exp(
(2) Seston = 1.92 x flow*”>

where TSS is total suspended solids (milligrams per litre) and SD is
clarity (centimetres).

Date

Results

Turbidity, conductivity, and pH data generally exhibited sea-
sonal differences, whereas spatial changes in the variables mea-
sured were negligible. Values of pH generally reflected neutral to
slightly alkaline conditions at all sites (7.0-8.5). Conductivity val-
ues ranged from 400 to 600 p.S/cm, with the exception of Site 8b,
where values were between 600 and 1500 p.S/cm. Conductivities
were highest during the July 2016 survey, corresponding to rela-
tively lower flow volumes. There was a clear distinction between
sites where benthic algae dominated (Fig. 2; Table 2) versus sites
where algae were absent. Separation of sites in terms of water
quality was explained by a pH gradient (Axis 2) and sites with
benthic algae present being associated with more alkaline pH
values. Hourly water temperatures exhibited considerable homo-
geneity between sites, with a marked reduction in daily water
temperature ranges and a cooling trend from late March until
August. For example, average annual water temperatures were
20.5 * 5.2 °C at Site 9, with absolute minima and maxima being
10.7 and 29.8 °C, respectively. The annual mean temperatures for
Sites 1and 2 were cooler by 1 °C. The annual thermograph showed
10 significant changes in mean daily water temperatures (Fig. 3).

Seven species of black fly were sampled over the course of the
study, with the two most dominant species being S. chutteri and
S. damnosum (Table 3). Relative proportions of contribution to over-
all sample numbers showed switching of dominant species be-
tween sites and seasons, but with specific site clusters based on
species abundances, and showed clear switching of dominant
species between sites and seasons (Fig. 4). Simulium chutteri and
S. damnosum showed a negative association (Fig. 5), with the former
dominating in November 2015 and March 2016 and the latter
being dominant in July and December 2016. Predatory hydro-
pschychid trichopterans occurred in high abundance at Sites 7
and 8 when water clarity exceeded 40 cm. Densities of hydro-
psychids were approximately 20 individuals per 10 cm?, so that
for the 9 m x 1 m ridge at Site 7, there was maximum potential
habitat of <180 000 hydropsychids (total area of 90 000 cm? =
9000 habitat units of 10 cm?). Hypothetical plots of potential abun-
dances of hydropsychids and pest black fly using Palmer’s (1994)
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Table 3. Larval numbers for seven species of black fly sampled from 14 sites for the Orange River, South Africa.

Can. J. Zool. Vol. 96, 2018

Site
Date Species 1 2 3 4 5 6 7 8 8b 8a 9 9a 10 11
November 2015 Sade NS NS NS
Schu NS NS 528 1104 95 124 485 50 29 320 NS
Sdam NS NS 20 87 6 381 305 113 42 27 NS
Snig NS NS 14 NS
March 2016 Sade 14 24 77 2 3 68 1 6 14 8
Schu 3 3420 68 73 86 6 62 16 46 47 1
Sdam 48 10 1 187 587 30 113 7
Snig 8 20 21 20 8 21 6
Sruf 1
July 2016 Sade 5 390 225 680 132 122 82 86 7 43
Schu 94 1853 125 310 88 56 119 41 66 1 85
Sdam 3440 1128 883 266 678 1570 889 368
Simp 46
Snig 55 46 13 18 72 3 40 10
December 2016 Sade 1077 3 205 695 98 1077 197 61 2
Schu 1115 801 68 305 63 2 7 78 34 28
Sdam 14 1348 2173 98 534 14 826 477 107 8
Smcm 2 2 4
Snig 8
Sruf 2 3

Note: Species codes: Sade, Simulium adersi; Schu, Simulium chutteri; Sdam, Simulium damnosum; Smcm, Simulium mcmahoni; Snig, Simulium nigritarse; Sruf, Simulium

ruficorne. NS, not sampled.

Fig. 4. Bray-Curtis ordination of sites surveyed based on simuliid
species data (percent contribution of each species’ relative
abundance to total number per sample); species codes: Sadersi,
Simulium adersi; Sdam, Simulium damnosum; Schu, Simulium chutteri.
Ellipses represent site groupings based on cluster analysis; season
codes: 1, late spring; 2, late summer; 3, winter; 4, early summer.
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abundance rating system as well as prey to predator ratios indi-
cate that above a density class of 6, predation effects of hy-
dropsychids on pest black fly become increasingly irrelevant
(Fig. 6).

Water clarity was a strong predictor of probability of occur-
rence for five of the seven black fly species sampled as well as for
benthic algae (Fig. 7; Table 4). Models indicated that at high tur-
bidity, S. chutteri, and less so S. damnosum, were more likely to
occur. Conversely, as water clarity increased, the major pest spe-
cies are less likely to occur, while the probability of occurrence of
S. adersi and (or) S. nigritarse increased. System switching between
black fly species groups and dominance of benthic algae occurred

Fig. 5. Negative correlation between abundance of Simulium chutteri
(Schu) and Simulium damnosum (Sdam) with changes in seasonal
dominance between both species based on percent contribution
(inset).
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in the region of 60 cm water clarity (=11 mg/L seston concentra-
tion). The probability of benthic algae was codependent on both
clarity and black fly presence.

The number of potential switching events was more than four
times higher for the pre-impoundment period than for the post-
impoundment period (39 versus nine events) (Fig. 8). The proba-
bility of occurrence was similarly three times higher for pre-
impoundment conditions than for post-impoundment conditions
(p = 0.19 versus p = 0.06), or an average of 1.11 events per annum
versus 0.24 events per annum. Event duration was less for post-
impoundment than for pre-impoundment flows (48 * 39 versus
36 + 38 days), but because of high standard deviations for both
periods of analysis, duration differences were nonsignificant (Stu-
dent’s t test, p > 0.05). The majority of events occurred in spring
(September to November) (Fig. 3).

Discussion

Conductivity and pH were relatively consistent across the
600 km study axis, with the exception of peripheral habitat that
caters to different black fly species with specific water quality
preferences. High conductivities (>1000 pnS/cm) in the irrigation
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Fig. 6. Potential numbers of black fly and hydrosychid caddisfly larvae as a function of density classes for a habitat area of 90 000 cm? and

associated predator to prey ratios.

Fig. 7. Probability of occurrence of seven black fly species as a function of water clarity and benthic algae. Species codes: Schu, Simulium
chutteri; Sdam, Simulium damnosum; Snig, Simulium nigritarse; Simp-ruf, Simulium impukane and Simulium ruficorne; Sade, Simulium adersi; Smcm,

Simulium mcmahoni.
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Table 4. Logistic regression model coefficients describing interactions between
black fly and turbidityand benthic algae versus turbidity and black fly density scores.

Schu Sdam Snig Simp-ruf Algae
Constant 9.12+2.69** 3.16%0.98** -2.05+0.85* -13.35%5.51* 4.06+1.63*
Betarity -0.12+£0.04"* -0.05%0.02** 0.03%0.02# 0.155+0.06* -0.06%0.03*
Baensity -0.27£0.14#

Note: Species codes: Schu, Simulium chutteri; Sdam, Simulium damnosum; Snig, Simulium
nigritarse; Simp-ruf, Simulium impukane and Simulium ruficorne labral fan complex. **p < 0.001,
**p < 0.01, *p < 0.05; #p < 0.1; 46 df.
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Fig. 8. Frequency of occasions when benthic algae were likely to dominate under lower flow, higher clarity for the Orange River from 1942 to
1977 (pre-impoundment conditions) and 1978 to August 2016 (post-impoundment conditions).
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return flow channels provided favourable habitat for the halophilic
S. ruficorne.

Water temperatures were favourable throughout the year for
black fly life history development, although the marked cooling
during autumn and winter is likely to lead to reduced numbers of
generations over this period and favour larger larvae that develop
into more fecund adults (de Moor 1989). This is particularly so for
the Prieska and Douglas sites, which were slightly cooler than the
downstream sites.

Turbidity was a key driver in triggering ecosystem switching
between dominance of major pest black fly species and S. adersi
and (or) S. nigritarse co-occurring with benthic algae. Changes in
turbidity caused switches in black fly species composition and
abundance. A combination of reduced flows, increased water clar-
ity, and more alkaline water coincides with prevalence of benthic
algae on rocks and favours the “standard complex” fan structure
black fly species, while the opposite of these variables favours
conditions that increase the likelihood of major pest black fly
outbreaks. The probability models indicate that under high-turbidity
conditions, S. chutteri is likely to dominate over S. damnosum. By
contrast, the slope of the probability curves for both the benthic
algae and S. nigritarse indicate slower responses to turbidity
changes compared with S. chutteri. Finally, the “weak complex”
fan type species of S. impukane and S. ruficorne indicated a particu-
lar requirement for very clear water.

The negative correlation between the abundance of S. chutteri
and S. damnosum showed that only one of these species dominates
at any one time, with the other species largely excluded. With
both species having similar hydraulic habitat preferences and
labral fan structures (Palmer and Craig 2000), species dominance
at any one site is likely to be governed by random and opportu-
nistic colonisation; whichever species establishes first determines
dominance. Changes in turbidity cause switches in black fly spe-
cies populations and a concomitant increase in benthic algae, also
noted in the Vaal River by de Moor (1994). Our models support the
hypothesis that under natural conditions, flow variability in the
Orange River would have driven a cycle of disturbance and oppor-
tunistic colonization, whereas after impoundment, the river had
prolonged periods of lower flowers and clearer water, alternating

with prolonged periods of higher flows and elevated turbidity,
and that these changes are the primary drivers that switch black
fly species composition between the “strong porous” versus “stan-
dard” fan type black fly species. Also, under lower flows, benthic
algae and hydropsychids cooccur under clear conditions, where
hydropsychid predation of black fly would be density indepen-
dent. Such patch dynamics (sensu Pickett and White 1985) would
have been driven by biotic and physical factors, with temporal
cycles being the most important for partitioning aquatic inverte-
brate cycles of dominance (Bogan and Lytle 2007). Just as in South
Africa’s Great Fish River where a naturally nonperennial river
system would have reset pest black fly populations annually
(Rivers-Moore et al. 2007), it is most likely that the larger and
perennial Orange River pest black fly populations would have
been constantly reset before reaching pestilential numbers
through regular and unpredictable periods of lower flows, when
benthic algae would dominate. Regulated post-impoundment
flows have guaranteed prolonged periods of dominance by the
pest complex of S. chutteri or S. damnosum, necessitating an ongo-
ing control programme. Under such conditions, mitigating fac-
tors such as predation also become miniscule, with water clarity
likely to be a compounding constraint to hydropsychid predation
on S. chutteri and S. damnosum, in addition to numbers of hy-
dropsychids considerably reducing for flow velocities >1 m/s
(Rivers-Moore et al. 2007). We conclude that black fly species com-
position is dynamic and reflects changes in flow and turbidity
levels. Flow regulation has resulted in a trade-off between im-
proved water supply and ecological costs resulting from reduced
ecosystem variability: what has been gained in terms of flow as-
surance has come at the cost of reduced system resets and more
frequent pest outbreaks.
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