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SUMMARY

Anthropogenic change is a major threat to dwindling freshwater biodiversity.
We present and synthesise available information regarding the fish commu-
nity, ecology, threats and conservation options within The Cape Fold Ecore-
gion (CFE) of South Africa. The CFE is a particularly vulnerable region, with
many range-restricted species and highly fragmented native fish ranges. The
Rondegat River in the Olifants-Doring River System of the Western Cape prov-
ince is of notable conservation value, as it hosts populations of important en-
demic CFE species despite being at risk from non-native invasive species, cli-
mate change, and agriculture intensification. This river is unique, being the
site of the first alien fish eradication programme of its kind in South Africa.
The recovering Rondegat River imperilled cyprinid assemblage is used to
frame the manner in which future environmental change may continue to dis-
turb the ecology of the system. Conservation options and priorities are dis-
cussed in the context of a southern hemisphere Mediterranean-climate fresh-
water system
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THE CAPE FOLD ECOREGION

Freshwater systems are among the
most threatened globally, largely owing to
their comparatively high species and habitat
diversity while occupying <1% of the Earth’s
surface (Dudgeon et al., 2005; Abell, Allan &
Lehner, 2007). Fish are the most imperilled
of all vertebrates, yet play an important role
in ecosystem functioning and food webs be-
yond the boundaries of the aquatic environ-
ment (Fausch et al., 2002; Jackson et al.,
2016b; Jackson, Pawar & Woodward, 2021).
Freshwater systems are often overlooked in
the formation of protected areas and are a
low priority in conservation efforts (Jordaan,
Chakona & van der Colff, 2020). Addition-
ally, conservation and restoration efforts are
often inadequate or poorly implemented
(Lintermans, 2013; Jordaan et al., 2020).
Globally and within the South African con-
text, effective conservation and restoration of
highly impacted stream fish is a multi-fac-
eted, complex, “wicked” problem (Linter-
mans, 2013; Ellender & Weyl, 2014; Jordaan
et al., 2020).

South African freshwater ecosystems
are no exception to the vulnerable state of
systems further afield and are imperilled by
a variety of threats, primarily as a result of
anthropogenic interference (Darwall et al.,
2009; Weyl et al.,, 2020). Among these
threats, one of the most pressing are invasive
organisms introduced to local freshwater sys-
tems, particularly predatory fish, alongside
anthropogenic climate change and habitat
degradation (Abell et al., 2007; Darwall et al.,
2009; Tweddle et al., 2009; Filipe, Lawrence
& Bonada, 2013; Ellender et al., 2017; Shel-
ton et al., 2018a; Weyl et al., 2020). In South
Africa, the Cape Fold Ecoregion (CFE) is rec-
ognised as biodiversity hotspot for freshwa-
ter fish, as despite a relative paucity of spe-
cies, there is a very high degree of endemism
(Tweddle et al., 2009; Ellender et al., 2017,
Shelton et al., 2018a). Current baseline sci-
entific knowledge on the native fishes of the
CFE is fairly narrow and tends to focus on
either specific inquiries or notable biological
traits (Ellender et al., 2017). For example, a
single study exists on the physiology of CFE
fishes, investigating survival strategies in

Galaxias sp. when faced with aerial exposure
in response to drought conditions (Chakona,
Swartz & Magellan, 2011). Reizenberg et al.
(2019) investigated the thermal tolerances
and preferences of a range of CFE fishes in-
cluding Galaxias zebratus, Pseudobarbus
spp., Sedercypris calidus, Austroglanis gilli
and other species, with no other examples of
studies on critical thermal limits available
across the CFE.

In general, CFE fish literature is
scarce, with 103 peer-reviewed articles focus-
ing primarily on taxonomy and biogeogra-
phy, and to a lesser degree ecology, conserva-
tion and human impacts as of 2017 (Ellender
et al., 2017). The strong focus on taxonomy
and biogeography of researchers is necessary
for conservation of genetic lineages, and par-
ticularly for enabling researchers from other
disciplines to appropriately define targets of
research and conservation endeavours. Na-
tive fishes in the CFE are united by a series
of pressures such as high levels of invasion,
depleted natural range and suitable habitats
through water abstraction and damming
(but see Beatty et al. (2017) for consideration
of dam removal with impacts on artificial re-
fugia under climate change), while research
and conservation efforts are usually sporadic
and uncoordinated (Ellender et al., 2017).
The majority of native small stream fishes
have narrow and highly fragmented ranges.
Many species have been only recently discov-
ered, as genetically distinct and/or reclassi-
fied species (Chakona et al., 2020). As a re-
sult, knowledge of the exact distributions
and available ecological information on these
species is limited. The contemporary distri-
butions and biogeographic history of these
highly endemic lineages represent an invalu-
able library of material as to the natural his-
tory and freshwater biodiversity heritage of
South Africa. This information is crucial for
the understanding of freshwater systems
both in their present state and in predicting
future responses to change (Chakona et al.,
2020).

The Olifants-Doring River System
(ODRS) is characterised by a relatively high
diversity of endemic and threatened fishes.
In particular, the Cederberg Mountains
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within the ODRS catchment have been iden-
tified as “vulnerability hotspots” within an
already vulnerable region (Shelton et al.,
2018a). Ten of the 19 freshwater fish species
endemic to the CFE are found the ODRS
(Weyl et al., 2014). The fish species that are
native, non-native and extra-limital (i.e.,
species native to South Africa that have been
moved out of their natural range) in the
ODRS are summarised in Table 1. Rivers in
the CFE have been devastated by invasive
predatory fish, with endemic species being
limited to refugia through natural barriers
as the only means of survival in much of
these systems (Tweddle et al., 2009).

The interacting multiple anthropo-
genic stressors occurring in freshwater sys-
tems in the ODRS, including habitat degra-
dation through water abstraction, alien ri-
parian vegetation, pollution and damming
activities associated with agriculture (Imp-
son et al., 2007) are common across Mediter-
ranean freshwater ecosystems. Globally dis-
tributed Mediterranean ecosystems pose a
potential learning and conservation oppor-
tunity in the future given the similarities in
threats and high endemicity. Here, we syn-
thesise the available literature on the fish of

the ODRS, with a particular focus on the
flagship Rondegat River restoration project
with the aim of summarising the state of
knowledge, threats and conservation oppor-
tunities.

THE RONDEGAT RIVER

The Rondegat River (32°24’S;
19°05’E; Figure 1) is a 25 km long, 2" order
perennial tributary of the Olifants River,
opening into the Clanwilliam Dam, with a
catchment area of approximately 111 km?
(Lowe et al., 2008; van der Walt, 2014). Rain-
fall falls mainly in winter, from June until
August (Lowe et al., 2008), and tempera-
tures are hottest in February and coldest in
June (de Moor & Day, 2013). The river origi-
nates as a pristine headwater stream in the
Cederberg Mountains, progressing through
fynbos and other indigenous terrestrial vege-
tation and passing areas of alien tree planta-
tions, citrus fruit orchards and associated ab-
straction points and weirs in the lower
reaches (Lowe et al., 2008). The river is char-
acteristic of a typical CFE tributary as a per-
ennial clear, oligotrophic, acidic mountain
stream (Swartz, 2000; de Moor & Day, 2013).

Western Cape

Saidanha Bay

—— Waterfall/cascade
= \Vater abstraction weir
== Treatment area

Fish upper distribution limit

Figure 1. The location of the
Rondegat River within the Oli-
fants-Doring system, part of the
Cape Fold Ecoregion of the West-
ern Cape, South Africa. Notable
features limiting fish distributions
are indicated, as well as the extent
of the alien fish eradication efforts
utilising the piscicide Rotenone
and the position of the focal river in
relation to the Clanwilliam Dam
and the Olifants River. Adapted
from Weyl et al. (2013).




Table 1. Conservation status (IUCN Redlist; EL = extralimital, NN = non-native)
and descriptive summary of native and non-native fish species found in the Olifants-
Doring River System. Adapted from Ellender et al. (2017) and Jordaan et al. (2020)

unless otherwise cited.

Species
Austroglanis barnardi (Skelton, 1981)
Austroglanis gilli (Barnard, 1943)
Cheilobarbus serra (Peters, 1864)

Clarias gariepinus (Burchell, 1822)
Cyprinus carpio Linnaeus, 1758

Enteromius anoplus (Weber, 1897)

Galaxias zebratus species complex
Castelnau, 1861

Labeo seeberi Gilchrist & Thompson,
1911

Labeobarbus seeberi (Gilchrist and
Thompson, 1913)

Lepomis macrochirus Rafinesque,
1819

Micropterus dolomieu

(Lacepede, 1802)

Micropterus punctulatus (Rafinesque,
1819)

Micropterus salmoides

(Lacepede, 1802)

Oncorhynchus mykiss (Walbaum,
1792)

Pseudobarbus phlegethon (Barnard,
1938)

Pseudobarbus sp. nov. “Doring”
Salmo trutta Linnaeus, 1758
Sandelia capensis (Cuvier, 1829)
Sedercypris calidus (Barnard, 1938)

Sedercypris erubescens (Skelton, 1974)

Tilapia sparrmanii Smith, 1840

Status
EN
NT
NT

EL

NN

LC

DD

EN

NT

NN

NN

NN

NN

NN

EN

CR
NN

EL
NT
CR

EL

Notes and major threats
(impact if non-native)

Endemic to ODRS. Alien fish, habitat degrada-
tion
Endemic. Alien fish, habitat degradation
Endemic. Alien fish, habitat degradation, utiliza-
tion
Widespread and resilient predator with strong
dispersal ability (Skelton, 2001)
Widespread in lentic water bodies, degrades hab-
itat through feeding behaviour (Skelton, 2001)
Widespread, not found in mountain streams of
ODRS (Skelton, 2001)
Endemic to CFE. Ongoing taxonomic revision
may classify ODRS populations as genetically
distinct. Alien fish, habitat degradation, genetic
integrity/population fragmentation (Chakona et
al., 2020)
Endemic, found only in the Doring system after
extirpation from the Olifants. Alien fish, habitat
destruction, migratory barriers (Jordaan et al.,
2017)
Endemic, recognised as flagship conservation
species. Alien fish, habitat degradation, utiliza-
tion, physical barriers
Predatory, displaces native species through over-
population in slow-flowing vegetated systems
(Skelton, 2001)
Predatory, adapted to flowing rocky habitats fa-
voured by native fish (Skelton, 2001)
Predatory, less successful than other black bass
(Skelton, 2001)

Predatory, prefers lentic systems (Skelton, 2001)

Predatory, cool flowing stream specialist (Skel-
ton, 2001)

Endemic. Alien fish, habitat degradation. Five
highly fragmented subpopulations remain, re-
stricted to protected areas (van der Walt, Impson
& Jordaan, 2017a)

Endemic, currently undergoing taxonomic revi-
sion. Alien fish and highly limited distribution
Predatory, cool flowing stream specialist
Widespread in the CFE, translocated to the
ODRS, threatens sensitive species (Skelton,
2001)

Endemic. Alien fish and habitat degradation
Endemic. Alien fish (including extra-limital S.
capensis), habitat degradation, pollution

Minor extralimital impact, usually introduced
alongside black bass (Skelton, 2001; Ellender &
Weyl, 2014)




The Rondegat River is of notable con-
servation concern, as it hosts populations of
important endemic CFE species including
Sedercypris calidus, Pseudobarbus phlege-
thon, Labeobarbus seeberi, and Austroglanis
gilli (Woodford et al., 2005; Garrow & Marr,
2012; Weyl et al., 2013). The native fish in
this system were in danger of extirpation by
non-native fishes present in the system,
which led to the extirpation of minnows be-
low a natural barrier (Rooidraai waterfall,
see Figure 1) and high predation pressure on
Clanwilliam Yellowfish recruitment (Wood-
ford et al., 2005; Marr, Impson & Tweddle,
2012). Weyl et al. (2013) estimated fish den-
sity in the uninvaded reaches as 97 fish per
100 m?2 compared to 7 per 100 m2 in the in-
vaded reaches. The Rondegat River served as
the site for the first alien fish eradication
project in the CFE, performed through a col-
laboration between the local conservation
body CapeNature, the American Fisheries
Society and the South African Institute for
Aquatic Biodiversity (SAIAB) (Marr et al.,
2012; Weyl et al., 2013, 2014, 2016). This pro-
ject treated a 4 km stretch of the Rondegat
River with the piscicide rotenone to remove
alien smallmouth bass (Micropterus dolo-
mieu Lacepéde, 1802) and thus provide addi-
tional habitat for the existing native fish pop-
ulations (Marr et al., 2012; Weyl et al., 2013,
2016; Slabbert, Jordaan & Weyl, 2014).

The Rondegat River restoration pro-
ject was intended to be the first of four CFE
river treatments and was chosen owing to its
ideal characteristics (including uninvaded
headwater reaches with favourable habitat
for native fishes, physical barriers to re-inva-
sion upstream and a lack of angling im-
portance) and invasion situation following an
environmental impact assessment (Marr et
al., 2012; Weyl et al., 2016). A series of stud-
ies and restoration actions were carried out
concurrently with the alien fish eradication
efforts, such as alien plant clearing and as-
sessments of the effects of the rotenone ap-
plication on the invertebrate communities
(Woodford et al., 2013; Bellingan et al., 2015;
Weyl et al., 2016; Fill, Kritzinger-Klopper &
van Wilgen, 2018). Alien plant clearing and
fynbos restoration efforts resulted in rapid
recovery of mnative shrubs; however,

secondary invasion by alien and native
grasses prevented a full recovery to a pre-in-
vasion state (Fill et al., 2018). The rapid re-
invasion by grasses is thought to be a result
of raised nitrogen levels in the riverbank
soils, and is likely to require a longer period
to recover completely (Fill et al., 2018). The
altered nutrient state may have cascading ef-
fects on river resource availability and
trophic interactions that are difficult to an-
ticipate. The application of rotenone had an
immediate impact on invertebrate density,
especially reducing the density of the sensi-
tive Ephemeroptera, with a catastrophic
drift event being triggered in response to the
rotenone treatment (Woodford et al., 2013).
Recolonisation and recovery of the aquatic
invertebrate assemblage was anticipated
through drift from unaffected upstream pop-
ulations, and losses in diversity were much
less marked than that recorded in compara-
ble studies (Woodford et al., 2013). A rapid
bioassessment of the impacts of rotenone on
the invertebrate community of the river re-
vealed these taxa were both resilient to the
treatment (community returned to pre-treat-
ment health) and resistant to lower concen-
trations of rotenone in the application of the
second treatment, despite short term popula-
tion extirpation (Bellingan et al., 2015).

Only one other successful eradication
of invasive fishes from a river has been
achieved in South Africa, involving the me-
chanical removal of spotted bass (Microp-
terus punctulatus Rafinesque, 1819) from the
Thee river (van der Walt et al., 2019). The
Thee shares many characteristics with the
Rondegat; it is a similar size, has pristine up-
per reaches with water abstraction and hab-
itat alteration in the lower reaches, and has
a similar fish assemblage (van der Walt,
2014; van der Walt et al., 2019). The specific
characteristics of the Thee river and the na-
ive nature of the spotted bass made it a prime
candidate for mechanical removal rather
than piscicide application. However, this is a
rare case and chemical eradication of inva-
sive species is likely to be the preferred
method for future restoration actions in the
CFE (Weyl et al., 2016; van der Walt et al.,
2019).
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A comprehensive assessment of the
composition and distribution of native fishes
in the Rondegat River prior to the invasive
fish removal programme in 2012 was first
performed in 2005, followed by another in-
tensive survey in 2013 (Woodford et al., 2005;
Weyl et al., 2013, 2016). By that time, native
fish populations were in direct danger of local
extirpation by smallmouth bass. The success
of the rotenone treatment has led to the river
having significant value for research, repre-
senting a natural experiment in terms of an
undisturbed headwater section, with the
lower reaches now devoid of invasive fish
(Weyl et al., 2014). Ongoing monitoring is an-
ticipated to reveal further insights into the
recruitment of native fishes and the expan-
sion of natural fish assemblages in a novel
environment (Weyl et al., 2016).

FISH SPECIES

The hydro-geological and climatic his-
tory of the CFE river systems has given rise
to a hotbed of fine-scale speciation and diver-
gence events, and is reflected in the biogeo-
graphical histories of the Rondegat River’s
species cohort (Swartz, Flemming & Mouton,
2004; Swartz, Skelton & Bloomer, 2007,
2009; Chakona, Swartz & Gouws, 2013).
Currently, the river is host to five recognised
teleost species, including three cyprinids, a
galaxiid (recently re-discovered following a
lengthy period of no sightings), and one aus-
troglanid catfish species.

Sedercypris calidus (Barnard, 1938),
formerly Barbus and Pseudobarbus calidus
(Skelton, Swartz & Vreven, 2018), the
Clanwilliam redfin minnow, is currently
evaluated as near-threatened using IUCN
Red List criteria (van der Walt, Jordaan &
Impson, 2017¢) (Figure 2). Sedercypris cali-
dus is likely to have differentiated from its
sister species S. erubescens in the Doring
catchment (Swartz et al., 2004, 2009). Niche
preferences, morphological and behavioural
differences likely enabled greater dispersal

ability in S. calidus over Pseudobarbus
phlegethon, which itself underwent a diver-
gence between the Olifants and Doring
catchments (Swartz et al., 2004, 2009; Skel-
ton et al., 2018).

In the Rondegat River, S. calidus is
the more abundant of the two redfin species
present and primarily feeds on suspended
aquatic invertebrates and detritus through
drift feeding, in addition to foraging on sub-
merged natural structures (rock, aquatic and
immersed vegetation), occasionally taking
items from the surface with terminal mouths
(Garrow & Marr 2012, pp. 49). Sedercypris
calidus has notably large eyes, which are
supplemented by two pairs of barbels and
chemosensory cells on the head. Gut content
analysis indicates baetid mayfly nymphs and
chironomid larvae as the most important
prey items for this species, with mayfly
nymphs constituting >90% of prey items
year-round (Nthimo, 1997). Terrestrial in-
sects (Formicidae) form a riparian diet sub-
sidy, consumed through feeding from the wa-
ter surface (Nthimo, 1997). A predominantly
carnivorous diet is further supported by a
short gut length and smooth pharyngeal
teeth (Nthimo, 1997).

Spawning and recruitment of this
species occurs in the austral summer, with
adults reaching sexual maturity at ~45 mm
SL, reflecting that of sister species S. eru-
bescens (Nthimo, 1997; Marriott, 1998). Ripe
adults are found from November through to
January, with gonad recrudescence initiat-
ing in August towards the end of the rainy
season (Nthimo, 1997). Sedercypris calidus
deposits eggs among rock crevices in large
spawning aggregations, as opposed to the
egg-scattering of Pseudobarbus redfin min-
nows (Skelton, 2001; van der Walt et al.,
2017c). Males develop nuptial tubercles on
the head and have enhanced spawning col-
ouration, similar to other cyprinids.
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Figure 2. A shoal of Sedercypris calidus in the Rondegat River.

Pseudobarbus phlegethon (Barnard,
1938), the fiery redfin, is endemic to the Oli-
fants River and its tributaries (Skelton,
1996) (Figure 3). With fewer than ten popu-
lations remaining, P. phlegethon is listed as
Endangered on the IUCN Red List (van der
Walt et al., 2017a). Pseudobarbus phlegethon
feeds on detritus attached to the rocky sub-
strate and aquatic invertebrates (Skelton,
1996; Whitehead, Weyl & Bills, 2007; Gar-
row & Marr, 2012). Habitat preferences for
this species tend to be slow-flowing pool en-
vironments with complex structure (Gore,
King & Hamman, 1991; Broom et al., 2022).
A preference for substrate foraging is sug-
gested by this species’ sub-terminal mouth
orientation (Whitehead et al., 2007). While
detritus and algae have been found in gut
content analyses of limited numbers of P.
phlegethon, the gut physiology is better
suited to a carnivorous diet of aquatic inver-
tebrate prey (Whitehead et al., 2007). The
primary invertebrate food items include

Baetid mayflies, Chironomidae, Trichop-
teran pupae and Coleopteran larvae (White-
head et al., 2007). Pseudobarbus phlegethon
tends to be smaller (up to 90 mm, with most
individuals tending towards 45 — 55 mm
(Whitehead et al., 2007)) and less abundant
than S. calidus (Skelton, 1996). The two red-
fin species tend to form transient shoals
without apparent aggression behaviours de-
spite overlap in resource and territory use
(CJB unpublished data). Pseudobarbus
phlegethon has a long summer spawning sea-
son with multiple spawning events. Sexual
maturity reached is at sizes > 33 mm (White-
head et al., 2007). Males defend small terri-
tories wherein spawning takes place (Skel-
ton, 1996) and may corral small groups of fe-
males into their territories (pers. obs.). Males
have larger paired fins and develop bright
red fin colouration when in breeding condi-
tion, and like S. calidus develop nuptial tu-
bercles on the head (Skelton, 1996).

Figure 3. A shoal of Pseudobarbus phlegethon in the vegetated upper reaches of the

Rondegat River
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Labeobarbus seeberi (formerly L.
capensis; Smith, 1841), the Clanwilliam yel-
lowfish, is classified as Vulnerable by the
IUCN and is the largest freshwater fish of
the CFE, attaining sizes of up to 1000 mm
and 11 kg (Impson, Bills & Wolhuter, 2008;
Garrow & Marr, 2012) (Figure 4). In the
Rondegat River, L. seeberi co-occurs with red-
fin minnows. They are generally only found
abundantly in the lower reaches as older,
larger individuals persist in deeper over-
summering pools (Paxton, 2008; Weyl et al.,
2013; van der Walt et al., 2016). Labeobarbus
seeberi is likely dependent on these pools for
both over-summering refugia as well as im-
portant congregation areas for drift and sub-
strate feeding downstream of riffles (Impson
et al., 2008; Paxton, 2008; Broom et al., 2022).
Labeobarbus seeberi is expected to have an
omnivorous diet, with a fairly even represen-
tation of plant material and invertebrate

prey (Paxton, 2008). Gut content analyses by
Woodford (2005) revealed high levels of in-
gested detritus and identified Chironomidae
and Corixidae as primary invertebrate prey.
Labeobarbus seeberi is a multiple spawning,
migratory and riffle-dependent species, mak-
ing it particularly sensitive to habitat altera-
tion. In addition, it is likely that temperature
is a major component of spawning cues for
this species, and releases of warmer water
from upstream dams may adversely affect
the timing of spawning, potentially affecting
survival of the offspring (King, Cambray &
Impson, 1998; Dallas, 2008). Impacted mi-
gratory pathways and disrupted spawning
locations owing to increased drought condi-
tions, water abstraction and damming in cru-
cial riffle habitats are serious conservation
concerns (Impson et al., 2008; Paxton, 2008).

Figure 4. Adult Labeobarbus seeberi feeding in the lower reaches of the Rondegat

River
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Galaxias zebratus (Castelnau, 1861),
the Cape galaxias, is recognised as a species
complex with a highly fragmented distribu-
tion in the CFE (Wishart et al., 2006; Cha-
kona et al., 2020). It is a small fish with a
high genetic diversity due to a biogeographic
history involving sea level shifts and that
fragmented Galaxias ranges in the remain-
ing paleo-river habitat (Wishart et al., 2006;
Chakona et al., 2013). The most widespread
species of the complex is the Galaxias ‘neb-
ula’ sublineage found widely across the CFE
(Chakona et al., 2011). The ‘nebula’ subline-
age has the interesting ability to survive ex-
tended periods emersed, sharing this trait
with other galaxiids across the Gondwanan
continents (Chakona et al., 2011). In the
Rondegat River, the species appears to only
be found in the extreme upper reaches (< 4
km from the river source) and only in slow-
moving sections of the headwater environ-
ment (Woodford, 2005; CJB pers. obs.).

Austroglanis gilli (Barnard, 1943),
the Clanwilliam rock catfish, is a relatively
small (<140 mm standard length) nocturnal
occurs predominantly in

species that

headwaters with complex rocky habitats
(Figure 5). It is listed as Near Threatened
(van der Walt et al., 2017b). Austroglanis
gilli is slow-growing, reaching sexual ma-
turity at around three years of age and at a
length of approximately 10 cm, with some in-
dividuals collected from the Rondegat River
aged at over 12 years (Mthombeni, 2009).
This K-selected life history makes A. gilli
susceptible to habitat alteration, particularly
sedimentation, which can result in the reduc-
tion of complex habitats that provide both
protection from predators in environments
where they co-occur with alien piscivores and
suitable food sources (Chutter, 1969; Mthom-
beni, 2009; Garrow & Marr, 2012). This spe-
cies is likely to spawn in November (early
summer) based on otolith age analysis and
gonadosomatic indices (Mthombeni, 2009),
similarly to the spring-summer spawning pe-
riods of the cyprinids in this system. The diet
of A. gilli consists primarily of Ephemerop-
tera (predominantly baetid mayfly larvae),
Diptera (Simulidae, Chironomidae) and Tri-
choptera (Mthombeni, 2009).

Figure 5. Austroglanis gilli
alongside other species collected
from the Rondegat River using
fyke nets.




STRESSORS AND THREATS

Stressors are defined as novel or ex-
treme environmental changes. Climate
changes, such as increased temperatures and
frequency of extreme events (e.g., droughts
and flooding), as well as biological invasions
and habitat destruction, can act synergisti-
cally wherein their cumulative effects are
non-additive, i.e., “greater than the sum of
their parts” (Jackson et al., 2016a, 2020).
Multiple stressors have likely played a role
in the majority of freshwater species de-
clines, with approximately 81% of studies in-
vestigating impacts on freshwater species be-
ing found to have nonadditive interaction ef-
fects (Jackson et al., 2016a). While manage-
ment-aided removal of single stressors can
result in positive results, defining and elimi-
nating interacting stressors in tandem is
likely to result in greater ecological recovery
(Jackson et al., 2016a).

Climate change and CFE fishes

General reductions in rainfall over
the rainy season (chiefly June, August and
October), alongside a shortening of the rainy
season, is predicted between 2040 and 2070,
tempered by increases in intense short-term
rainfall events (Dallas, 2008; Lotter, 2015;
du Plessis & Schloms, 2017). Climatic trends
indicate that high intensity extreme rainfall
events and thus flash flooding are increasing
in frequency (Kruger & Nxumalo, 2017).
Temperatures have been rising since the be-
ginning of observations (1961) and the hot-
test 10-year period was consistently reported
as the last decade (2000 — 2010) in multiple
studies (Lotter, 2015). Maximum and mini-
mum temperatures are likely to increase by
up to 2.5°C between 2040 and 2070, and ex-
treme temperature events are predicted to
increase in frequency between December and
March (Lotter, 2015). Comparing water tem-
peratures of the Driehoeks River in the Dor-
ing system between 2005 and 2015 indicates
a trend of increasing extreme temperature
events (Reizenberg et al., 2019), suggesting
the potential for similar scenarios in the
Rondegat.
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Fish are strongly affected by their
thermal environment, temperature increases
metabolism and decreases dissolved oxygen
resulting in a hump-shaped relationship be-
tween feeding rate and temperature (Uiter-
waal & DeLong, 2020). In rivers, the thermal
regime has strong effects on growth rates
and distributions of aquatic organisms
(Caissie, 2006). This aspect 1s particularly
pronounced in highly fragmented popula-
tions that are limited in dispersal and when
limited thermal refugia are available. The
thermal regime can be affected by natural
fluctuations as well as human interference
through direct thermal pollution and re-
moval of vegetation or indirectly through an-
thropogenic climate change (Caissie, 2006).
Mean daily temperature increases down-
stream and the rate of increase in tempera-
ture can be particularly significant in
smaller streams, owing to their low thermal
capacity. In addition to these spatial temper-
ature gradients, headwater streams tend to
have lower diel variation than larger streams
(Caissie, 2006).

Temperature and other environmen-
tal variability can affect fish populations
through reproductive effects, such as altered
triggers for gonad development and spawn-
ing behaviours; or recruitment effects, such
as decreased egg and larval growth and sur-
vival through abnormal habitat conditions
(Humphries & Lake, 2000; Paxton, 2008). As
fish tend to be adapted to the average long-
term conditions of their historical distribu-
tions, shifts in conditions beyond the usual
scope of their adaptive history may have ad-
verse effects on their ability to time repro-
ductive cycles with prevailing conditions
most conducive to successful recruitment
and other effects on reproductive cues (Hum-
phries & Lake, 2000; Poff & Zimmerman,
2010).

Mediterranean-climate freshwater bi-
otas are likely to be disproportionately af-
fected by climate change with expected shifts
in distribution, community composition and
life-history, particularly in the seasonality of
physiological processes (Filipe et al., 2013).
Recent work predicts that many of the CFE
fishes will be put under severe strain given



“business as usual” climate change scenarios,
although detailed conclusions are not possi-
ble due to the lack of baseline biological data
for CFE species (Dallas, 2013; Dallas & Riv-
ers-Moore, 2014; Shelton et al., 2018a). In the
generally species-depauperate and oligo-
trophic systems of the ODRS, climate-related
abiotic and resultant biotic shifts may have
disproportionately devastating effects as a
result of relatively minor fluctuations (Shel-
ton et al., 2018a; Reizenberg et al., 2019).
Galaxias zebratus and Pseudobarbus species
(including the re-classified S. calidus) were
the most thermally sensitive (Reizenberg et
al., 2019). These authors suggest that most
CFE species are differentiated in thermal
tolerance at the species level, and have not
diverged in this trait across river systems
(i.e., at the population level). However, the
thermal physiological limits of larger cypri-
nids, such as L. seeberi, have not been exam-
ined. Climate change is predicted to increase
feeding rates of L. seeberi and S. calidus,
however, there was no significant change be-
tween 18°C and 25°C, suggesting community
resilience (Broom et al., 2021).

The effects of climate change on inva-
sive species are considerably better under-
stood. For example, trout (Salmo trutta and
Oncorhynchus mykiss), which are cool moun-
tain stream-specialized species, are expected
to decrease in abundance and viable popula-
tion distribution in shrinking refugia within
the CFE (Ellender et al. 2016; Shelton et al.,
2018b; Dallas et al., 2020). Conversely,
warm-adapted species, e.g., black basses (M-
cropterus spp), as well as extra-limital 7i-
lapia species, may increase in abundance
and invasive range (Khosa et al., 2019; Weyl
et al. 2020). Black basses have a high inva-
sion debt in South Africa as a result of rising
temperatures and increased dam construc-
tion in response to drought (Khosa et al.,
2019, 2020). Furthermore, increasing tem-
peratures are likely to enhance invasive spe-
cies ecological impact in South African fresh-
waters (Khosa et al. 2019; Mofu et al. 2019).

Water abstraction

Mediterranean-climate areas such as
the CFE are especially vulnerable to water

diversion owing to their semi-arid and
strongly seasonal flow fluctuations (Gasith &
Resh, 1999; Filipe et al., 2013; de Moor &
Day, 2013). Fish assemblage responses are
usually more strongly affected directly by
flow variability as opposed to resource or bi-
otic constraints (Gasith & Resh, 1999). Wa-
ter abstraction and other flow-regulating an-
thropogenic activities are common in the
lower reaches of CFE rivers, and the
Rondegat River is one such example (Beatty
et al., 2017). de Moor and Day (2013) identi-
fied the increasing demand for abstraction as
the most pressing threat to aquatic biota in
the CFE. The importance of this threat is ex-
pected to increase due to the predicted in-
crease in aridity, and the extended drought
conditions in recent years are a particular
concern (de Moor & Day, 2013).

Invasive species

The main invasive fish threat in this
system are members of the black bass genus
Micropterus (van der Walt et al., 2016). In the
ODRS, an estimated 81% of the natural cy-
prinid range has been invaded by black bass
(van der Walt et al., 2016). The mainstem
Olifants and Doring Rivers are completely
invaded by black bass, and their distribution
in the tributaries is primarily limited by nat-
ural barriers, which are in most cases the
only factor preventing local extirpation of na-
tive fishes (van der Walt et al., 2016; Weyl et
al., 2020). The bass invasions completely
eradicated all small (<10 cm total length) na-
tive species and prevented recruitment of
species with an adult length of >10 cm (van
der Walt et al., 2016). Where bass and other
invasive fishes co-occur, local habitat loss to
native species is accelerated and multiple
predator effects may act to further increase
the threat of invasive fish for all local fish life
(Wasserman et al., 2016). Currently, rela-
tionships between invasive predatory fish
and the endemic fish species in this system
are only partially understood (Ellender et al.,
2017). Within the ODRS, the primary and
most damaging interactions of non-native
and extra-limital species interactions is di-
rect predation, although there is evidence of
some displacement of native fishes,
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introduction of novel parasites or diseases,
and habitat degradation (Table 1) (Ellender
& Weyl, 2014; Weyl et al., 2020).

Stream flow and drought

In the context of a drought-prone and
seasonally variable river system, stream flow
is of paramount importance as it regulates
abiotic drivers of abundance and distribution
(Bunn & Arthington, 2002; Poff & Zimmer-
man, 2010). Across systems, fish consistently
react negatively to alterations of flow magni-
tude (Poff & Zimmerman, 2010), for example
as a result of damming or unseasonal flood-
ing. The life history traits of some species can
affect their ability to cope with altered flow,
particularly drought-like conditions as a re-
sult of human activity (Matthews & Marsh-
Matthews, 2003). Damming and other hu-
man activities can have strong effects on flow
as well as affecting water quality, with asso-
ciated effects on fish population health, in
addition to reducing connectivity of habitats
for migratory fishes (Doeg & Koehn, 1994;
Beatty et al., 2017). Small-scale damming
and the associated effects on flow down-
stream, as well as weir failures or removals
releasing sediment downstream, are a com-
mon situation in the middle and lower
reaches of the Rondegat River (Woodford,
2005). Changes to the timing and intensity of
flow, as well as indirect effects on shifts in
temperature, have impacts on the phenology
of the system as a whole, as well as affecting
the timing of triggers for breeding in species
such as L. seeberi (Gore et al., 1991; Cam-
bray, King & Bruwer, 1997; King et al.,
1998).

Summer drought is exacerbated by
strong and persistent south-easterly winds
that desiccate the landscape and vegetation.
Fish resilience within river reaches is likely
enhanced by deep and complex habitats that
can be used as refugia during times of both
increased (e.g. flash floods) and decreased
(e.g. drought) flow (Fausch & Bramblett,
1991). Large, deep and complex pool environ-
ments support L. seeberi populations during
the dry season in the CFE, thus reductions in
size and abundance of deep pool refugia are
likely to be a major threat (Paxton, 2008;
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Weyl et al., 2013). The physicochemical
stressors and reductions in viable habitat
produced by drought can lead to higher inci-
dences of competition in available refugia as
fish densities increase (Magoulick & Kobza,
2003; Castaneda et al., 2020). It is during
these “crunch” periods in low-flow conditions
within refugia wherein the greatest competi-
tion for diminished resources should occur.

Flooding

While the Mediterranean climate of
the CFE may not experience the extremes of
tropical seasonal flooding events, winter
rainfall spates and resultant flooding are
likely to be significant drivers of resource
availability within the oligotrophic Rondegat
River. Jackson et al. (2020) suggest that the
predicted decrease in rainfall and increase in
frequency of extreme events in South Africa
are likely to result in higher vulnerability of
freshwater vertebrates to local land use pat-
terns. Further shifts in phenology and abun-
dance of prey items, particularly sensitive
aquatic invertebrate taxa and their larvae,
are likely to strongly affect nutrient flow and
resource availability for freshwater fishes. In
addition to temperature increase and flow re-
gime change (Dallas & Rivers-Moore, 2014;
Dallas et al., 2020), the predicted increase in
frequency of extreme weather events such as
flash flooding, may have major effects on the
trajectory and intensity of invasive species
through release of captive alien species into
natural systems. The Rondegat river is cur-
rently recovering from a major drought, with
areas below a 2m weir designed to prevent
re-invasion from the Olifants River (Lowe et
al., 2008; Weyl et al., 2013) consisting of iso-
lated pools with confirmed alien fish pres-
ence, which may wash invasive Tilapia spar-
manii, Lepomis macrochirus and Clarias
gariepinus back into the system. On the
other extreme, patterns of drying rivers may
have either positive or negative impacts on
fish species. For example, while drought may
reduce available habitat for native species, it
may in some cases act as a facilitator of im-
portant physical barriers protecting native
species through drying of reaches required
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for the upstream movement of bass (Ellender
et al., 2018).

Fire and siltation

Mediterranean climate areas tend to
burn at natural frequencies to which the veg-
etation is adapted during hot dry summer
months. The Cederberg region has a propen-
sity to burn at intervals of less than five
years under the influence of anthropogenic
accidental ignitions (Southey, 2009). Natural
ignition events vary from 5 to 20 years be-
tween fires (Southey, 2009), suggesting that
the local vegetation and river fauna are
likely adapted to relatively frequent fire
events. The Rondegat has been subjected to
two intense unseasonal burns in the last 20
years (Southey, 2009; Fill et al., 2018; Figure
6). In both instances there was then in-
creased rainfall over the winter months
which resulted in high turbidity and altered
physical characteristics through the release
of a sand slug downstream of burnt areas,
Sediment loads often peak in post-fire rain-
fall flash flooding as a result of multiple fire-
related soil erosion-enhancing effects (Bozek
& Young, 1994; Burton, 2005; Lyon & O’Con-
nor, 2008; Ebner et al., 2014). Sediment slugs
can in many cases cause near-complete local
extirpation of fish populations and loss of
habitat complexity as a result of siltation
(Chutter, 1969). Increased siltation and sand
deposition will affect all fish species in the
Rondegat assemblage; further to the removal
of suitable habitat for A. gilli, all three cypri-
nid species are dependent on rocky, complex
habitats (redfins) or riffles (yellowfish) for
successful spawning. The P. phlegethon pop-
ulation of the nearby Noordhoeks River has
been impacted by such siltation of suitable
habitat brought about by anthropogenic ac-
tions (Whitehead et al., 2007).

In addition to sediment slugs, a ma-
jor danger to fish from fire events is in-
creased barriers to re-colonisation of affected
areas and their subsequent re-population
success during recovery. Thus, the need for
barriers to prevent alien fish from extirpat-
ing native fish may inadvertently affect suc-
cessful recovery after fire events (Burton,
2005). Sediment slug formation and siltation
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of habitats can be a delayed process (Bozek &
Young, 1994; Lyon & O’Connor, 2008); which
was the situation in the Rondegat in Febru-
ary 2019, a year after a major fire event. De-
layed mortality following fire events as ob-
served by Bozek and Young (1994) is a nota-
ble conservation concern, as direct fish kills
multiple years after an initial event can be
devastating and unpredictable. Populations
of G. zebratus are very small and limited in
distribution in the Rondegat River (most re-
cently found in one near-stagnant pool <6km
from the river source, with no other reported
sightings in the last decade; CJB pers. obs.),
and fire events in the upper reaches of the
Rondegat may lead to local extirpation. Iso-
lated populations are particularly important
for conservation in G. zebratus, as very fine-
scale differentiation and speciation is com-
monly observed in this putative species com-
plex (Wishart et al., 2006). The limited distri-
bution and low number of known populations
of P. phlegethon also warrant attention in the
context of fire events affecting the Rondegat
River (Broom et al., 2022).

The direct effects of fire on small. Low
order streams are often more pronounced
than in larger rivers (Lyon & O’Connor,
2008). Fire can result in multiple concurrent
stressors 1n river environments, such as in-
creased temperatures from reduced riparian
vegetation, siltation of pools, altered nutrient
inputs from burnt material, as well as al-
tered flow regimes as a result of shifts in veg-
etation water uptake demands (Bozek &
Young, 1994; Burton, 2005; Lyon & O’Con-
nor, 2008). Alongside these, physicochemical
changes such as increased pH and decreased
oxygen concentration have the potential for
to lead to fish kills, especially in smaller
streams. Less direct effects of fires may in-
clude habitat alteration through reduction of
woody debris, followed by increases in woody
debris and rocky environments as a result of
sediment inputs in later flood events (Bur-
ton, 2005; Ebner et al., 2009, 2014).
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Figure 6. Effects of wildfires in the Rondegat River. Above, major sand deposition
on the banks, following a fire event and heavy rainfall. Below, burnt and recovering

vegetation on the banks of the Rondegat River, following a major fire event in Feb-

ruary 2018.

Restoration and links to other Mediter-
ranean-climate systems

Looking further afield to interna-
tional models for contrast and lessons in res-
toration, Australian freshwater systems and
aquatic fauna encounter similar challenges
to those of South African systems, and thus
are useful as a knowledge base and template
for conservation and restoration actions lo-
cally (Lintermans, 2013). Australian native
freshwater species are often threatened by a
similar suite of threats including alien fish
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invasions, drought, fire and other anthropo-
genic impacts, and some survive in frag-
mented refugia (Koehn & Lintermans, 2012;
Saddlier, Koehn & Hammer, 2013; Ward et
al., 2020), reflecting the plight of many South
African species. Saddlier et al. (2013) provide
an account of the conservation and restora-
tion approaches towards confronting the de-
cline of imperilled small native fishes in
south-eastern Australia. Important mile-
stones for the restoration of these highly vul-
nerable species are applicable to South Afri-
can native species, especially in the context
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of moving from monitoring programmes into
sustainable conservation action (Linter-
mans, 2013). In particular, the recent Aus-
tralian wildfires represent an example of
highly damaging events that are likely to in-
crease in frequency in a scenario of global
change. Drought conditions and associated
increases in fires and their cascading effects
are paralleled between the CFE and Austral-
lan conditions; in particular, the western
CFE is expected to have reduced rainfall dur-
ing the historically wet season, having poten-
tial knock-on effects over an extended dry
season (Dallas & Rivers-Moore, 2014). The
impacts of and responses to these climate-re-
lated events in the Australian context hold
much value for the prediction and mitigation
of these events in the South African context,
through collaborating with and studying
Australian conservation and restoration ef-
forts.

In conclusion, the CFE in general and
the Rondegat River in particular provide im-
portant lessons for Mediterranean aquatic
ecosystems, from their threats to their envi-
sioned restoration. While the threat of inva-
sive alien species is not unique to Mediterra-
nean systems, their interactions with other
stressors such as drought, fire, habitat deg-
radation and other effects of anthropogenic
global change are important aspects that can
be used in case studies to improve conserva-
tion actions across systems. The imperilled
freshwater fish species of the CFE share
many characteristics with other Mediterra-
nean species further afield, further enhanc-
ing the applicability of mitigation and resto-
ration actions borne out of projects such as
the Rondegat restoration project and other
efforts in the CFE.

Coordinated, focused and multi-disci-
plinary action is required across these vital
conservation regions; ideally with the collab-
oration of researchers from across national
boundaries and applying lessons learned in
their unique contexts. Only through the com-
bined efforts of researchers and conservation
practitioners from a range of backgrounds
and experiences in a variety of challenges ap-
plying  mitigation, conservation and
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restoration approaches, will a cohesive and
suitably agile restorative impact be realised.
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