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Abstract

Sternophysingidae Holsinger, 1992 is a monotypic subterranean amphipod family endemic to Namibia and
South Africa. It currently has eight described species under the genus Sternophysinx. The species in this
family are considered narrow endemics, having only been identified using morphological characters.
However, the apparent wide distribution of certain species, reported in several subterranean waters in
different provinces, suggests that our current taxonomic understanding of these species needs to be
completed, thus needing revision. Further, detailed knowledge of the distribution and phylogenetic
relationship between species of this taxon still needs to be improved. This study aimed to use integrative
taxonomy to analyse both morphology and molecular biology to study hidden diversity and to further our
understanding of the distribution in this taxon. The available morphological keys were used to identify
species, and 12S rRNA was also used to investigate the relationships of Sternophysinx species and delimit
species boundaries. The study primarily aimed to use mitochondrial cytochrome ¢ oxidase subunit I (COI).
However, due to technical issues such as getting the correct primers, this study's aims were altered, and 12S
was used instead of CO1. However, the process of getting CO1 sequences is still ongoing, and the results
will be made available elsewhere. The current study aimed to visit all the type localities of the seven species
of Sternophysinx reported in South Africa, including all known localities in which these amphipods have
been recorded in the past. Nevertheless, this study did not get samples from Nelspruit, De Hoop Nature
Reserve, and Nash Nature Reserve, which cover type localities of S. travaleensis, Matlapitse and Chaos
cave that harbours S. calceola. Instead, the current study added five new localities Graaff-Reinet, Beaufort
West, Hogsback, Makhambathi Nature Reserve and Ntsikeni Nature Reserve, for the distribution, including
two new provinces (i.e., Eastern Cape and KwaZulu-Natal) that had records of this genus in the country.
Three delimitation methods, Assemble Species by Automatic Partitioning (ASAP), Bayesian
implementation of the Poison Tree Processor (bPTP) and Automatic Barcode Gap Discovery (ABGD),
were used to identify cryptic species within Sternophysinx. Phylogenetic analyses and three delimitation
methods (ASAP, bPTP and ABGD) revealed considerable hidden cryptic diversity within this
Sternophysinx. Preliminary morphological examination revealed at least two species as undescribed from
Bakwena and Sterkfontein caves, and several that were morphologically identified using the current
taxonomic keys did not match with the molecular analysis. For example, S. basilobata from three different
systems, Boesmansgat cave (Northern Cape), Beaufort West (Western Cape) and Potchefstroom (North
West), was in genetically different putative species. The same is true for S. robertsi and S. alca in Ficus and
Peppercorn cave in Limpopo. Overall, the results of the current study demonstrate the need for a
comprehensive integrative taxonomic revision of Sternophysinx. These findings suggest that S. basilobata

is a complex of distinct lineages and requires further study. On the other hand, species delimitation methods



suggested that there are 12- 14 candidate species (Figure 2.5). Lastly, this study investigated the threat
posed by the invasive koi fish introduced to an important cave, Boesmansgat cave in the Northern Cape,
which is a type locality of two endemic species (S. megacheles and S. basilobata). Stable isotope (5'°C and
8'°N) and gut content analyses of the fish were investigated to establish whether this invasive fish feed on
these critical creatures, thus endangering their long-term survival. Stable isotope signatures and the stomach
gut content proved to be helpful in determining the diet of the koi fish, revealing it to be an omnivorous
feeder with high invertebrate preference, including amphipods. These results indicate that the introduction
of koi fish in the Boesmansgat cave threatens the long-term sustainability of these amphipods and other

invertebrate assemblages in this cave.
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CHAPTER 1

The global overview of Amphipoda with a specific focus on the South Africa subterranean
family Sternophysingidae

This thesis aims to conduct a taxonomic review of the South African subterranean monotypic
amphipods’ genus Sternophysinx Holsinger & Straskraba 1973, using both morphological and
molecular techniques 1973. South Africa is home to two freshwater amphipod families, namely
Paramelitidae Bousfield, 1977, which is mostly epigean and was studied extensively in the 1990s
and Sternophysingidae Holsinger, 1992, which is mostly subterranean and has not been studied in
great detail. The taxonomic identity of many of the species in Sternophysinx is poorly resolved,
and no significant taxonomic and systematics evaluation has been done since its elevation to
family-level status. This project aims to fill this gap for the first time by incorporating molecular

and morphological data to study the subterranean family of South African amphipods.



1. Introduction

1.1 Intra-relationship of amphipods
Crustacea is a diverse paraphyletic taxon that occurs in aquatic (i.e., marine and freshwater) and

terrestrial environments with close to 100000 described species (Webber et al. 2010; Thorp et al.
2015). Crustaceans emerged during the Cambrian radiation, with fossils recorded suggesting they
descended from a marine ancestor (Schram 1982; Hobbs 2000). There are currently five extant
classes represented in crustacea: Branchiopoda Latreille, 1817; Maxillopoda Dahl, 1956;
Cephalocarida Sacanders (1955); Remipedia Yager 1981 and Malacostraca Latreille, 1802.
Branchiopoda comprise species in temporary waterbodies such as fairy shrimps, tadpole shrimps,
and smooth clam shrimps (Brendonck et al. 2008; Roger 2009). Maxillopoda is the most diverse
class of crustaceans that inhabit both freshwater and marine habitat and comprise ostracods,
copepods and barnacles. Cephalocarida (commonly known as horseshoe shrimps) and Remipedia
are small primitive taxa with nine and ten described species, respectively (Regier et al. 2010; Aiken
et al. 2013). Malacostraca class includes peracaridan order, such as Amphipoda, which forms the
basis of this project.

The class Malacostraca is diverse, with over 40 000 known species, such as isopods, crabs,
lobsters, and copepods, exhibiting a significant variation in morphology (Richter & Scholtz 2001;
Huertos 2020). It is characterised by three jointed body regions the head with five segments, the
thorax with eight segments, and the abdomen with six to seven segments (Richter & Scholtz 2001).
Malacostraca is divided into five superorders: Peracarida Calman 1904, Eucarida Calman 1904,
Hoplocarida Calman 1904, Bathynellacea Schminke (1973) and Syncarida Packard 1885 (Covich
et al. 2010). Peracarida is the most speciose superorder comprising nine extant orders, namely;
Amphipoda Latreille, 1816; Cumacea Kroyer, 1846; Isopoda Latreille, 1817; Mysidacea Haworth,
1825; Tanaidacea Dana, 1849; Mictacea Bowman et al. 1985; Spelaeogriphacea Gordon, 1957;
Lophogastrida Sacars, 1870 and Thermosbaenacea Monod, 1927 (Martin & Davis 2001).
Amphipoda is a monophyletic order whose phylogenetic relationship with other peracarids has
been controversial (Richter & Scholtz 2001; Poore 2005; Spears et al. 2005). For example, Poore
(2005) demonstrated the phylogenetic positions of isopods and amphipods as sister groups.
However, this contradicts Spears et al. (2005), who concluded the opposite, isopod and amphipod

are not closely related. Instead, Richter & Scholtz (2001) posited a close relationship between



amphipods and Spelaeogriphacea, not amphipods and isopods or even mysids. Even though the
Spelacogriphacea - Amphipoda relationship was not strongly supported morphologically,
phylogenetic analysis revealed a sister-group relationship between the two (Poore 2005; Spears et
al. 2005). Interestingly, the intra-relationships within Amphipoda have also been revised recently

(see 1.3)

1.2 The order Amphipoda
The name "amphipod" comes from Greek origin, meaning "different feet", while isopod means

"same feet" (Chapman 2007). Amphipoda is one of the largest malacostracan taxa, with over 10
000 described species in the sea, land, lakes, rivers, sand beaches, and subterranean (Lowry &
Myers 2013; Horton et al. 2021). Amphipods mostly inhabit aquatic habitats, with about 80%
occurring in marine and 20% occurring in freshwater habitats (Vainola et al. 2007; Lowry & Myers
2017). Amphipods are brooding malacostracan crustaceans (like mysids and isopods), whose
young undergo direct development until they reach an advanced stage, with no independent larval
dispersal stage (Covich et al. 2010, Wellborn et al. 2015). This order comprises mostly active
swimmers usually found hiding in gravel and aquatic plants and may occur in dense population
sizes. Ecologically, amphipods are an essential food source for fish species (Grabowski et al. 2007;

Martin et al. 2013); this will be explained in detail in Chapter 3.

Unlike the rest of the malacostracan taxa, amphipods possess three pairs of pleopods and three
pairs of uropods, while the other taxa have only one pair of uropods. Amphipods generally possess
eight pairs of thoracic appendages (sometimes called thoracopods or pereiopods); the first five are
used for walking, and the other three pairs are generally modified for swimming (Poore 2002).
Within Malacostraca Latreille 1802, amphipods are morphologically mistakenly with isopods
(Covich et al. 2010). However, isopods are dorso-ventrally flattened, whereas amphipods are

laterally compressed; as a result, they swim sideways and are generally called side-swimmers.

1.2.1 Freshwater amphipods
Globally, more than 1900 described amphipod species occur in freshwater habitats (V&in6la et al.

2007; Wellborn & Cothran 2015). Amphipods are highly endemic to specific regions and



principally occur in highly oxygenated freshwater habitats with exception to subterranean taxa the
strive in oxygen deprived conditions (Covich et al. 2010). Consequently, they have been chiefly
used as bioindicators of water quality, especially the genera Gammarus and Niphargus (Karaman
& Pinkster 1977; Altermatt et al. 2014). For example, a study on the presence of per-and-
polyfluorinated compounds (PFC) in the freshwater system was investigated using freshwater
amphipods of the genus Gammarus Fabricius, 1775 and organs of brown trout (Windisch et al.
2020). This study found traces of PFC chemicals in both species and concluded that amphipods
were a more reliable indicator for PFC contamination than fish species. Plénet (1999) investigated
the resistance of the accumulation of Zn and Cu on the G. fossarum (Koch, 1836) and N.
rhenorhodanensis and found that N. rhenorhodanensis is more resistant to Zn and Cu. The study
consequently concluded that both amphipods’ species are good indicators of water quality and, as

such, can be used to assess ecological risk associated with anthropogenetic activities.

Amphipods are also significant in food webs as they are food sources for some living organisms
such as fish (Sieg et al. 2009; Raz-Guzman & Villegas 2018) and bats (Moyo & Jacobs 2020).
They play a vital role in maintaining aquatic community structure, trophic interactions and nutrient
recycling (Raz-Guzman & Villegas 2018; Altermatt et al. 2014). For example, Gammarus
fossarum is an essential decomposer that breaks down carbon sources (i.e., organic and inorganic
matter), nitrogen, phosphorous and other associated nutrients in freshwater systems (MacNeil et
al. 1997). Similar feeding behaviour was observed in G. pulex (Linnaeus, 1758), where the species
is well adapted for feeding on organic material and fungi using the foregut and hindgut,
respectively (Agrawal 1965). Studies have shown the importance of amphipods in aquatic
communities by cycling organic matter (Piscart et al. 2007, 2009, 2011).

Amphipods are diverse in temperate regions, especially in the Northern Hemisphere occurring in
permanent water bodies (Vdinold et al. 2007; Rodrigues et al. 2014). For instance, the genera
Gammarus and Niphargus Schigdte, 1847, are the most speciose amphipods in epigean and
subterranean habitats, respectively (Barnard & Barnard, 1983; FiSer et al. 2005; Viinola et al.
2007). However, few species have been recorded in temporary water systems, and their survival
strategies in such habitats are not well known (Covich et al. 2010). For example, Crangonyx

pseudogracilis Bousfield, 1958 is a surface occurring species observed in temporary water pools



with no connection to permanent water (Harris et al. 2002). Surface freshwater amphipods usually
hide in vegetated areas, some under small rocks, and prefer slow-flowing water (Copilas-Ciocianu
et al. 2014; MacNeil & Dick 2014). Most freshwater amphipods occur in surface water, with
genera such as Gammarus and Hyalella Smith, 1874, highly abundant in this habitat (Rodrigues
et al. 2014). In addition, studies conducted in the Northern Hemisphere, specifically on Lake
Baikal, showed that this lake is home to diverse species that are endemic to this ancient lake

(Kamaltynov 1999; Macdonald et al. 2005).

The Southern hemisphere, on the contrary, appears to have less freshwater amphipod diversity,
with few known taxa. Moreover, our understanding of the distribution of freshwater amphipods is
still lagging. Meanwhile, continents such as Europe have well-documented taxonomic knowledge
of amphipods (Fiser et al. 2005; Copilas-Ciocianu et al. 2015; Copilas-Ciocianu & Petrusek 2015).
South Africa has two crangonyctoid families; Paramelitidae Bousfield, 1977, is endemic in
Western Cape and Sternophysingidae Holsinger, 1992, is exclusively subterranean taxon (Griffiths
1991; Holsinger 1992; Griftfiths & Stewart 1996, 2001; Viino6la et al. 2007; Lowry & Myers 2013).
Paramelitidae is the most species-rich family in South Africa, with 26 described species (Griffiths
& Stewart 2001). This family is only endemic to the southwestern Cape region in South Africa
and comprises mainly epigean species (Griffiths & Stewart 2001). Meanwhile, Sternophysingidae
is almost exclusively a subterranean family, found in springs, caves and karsts with eight known
species, seven occurring in South Africa and one in Central Namibia (Griffiths & Stewart 2001).
However, the knowledge about the distribution and diversity of subterranean amphipods in South
Africa is lacking, and this issue will be explained further in Chapter 2.

South Africa, along with Madagascar, Morocco, and Algeria, has the highest recorded diversity of
freshwater amphipods in Africa (Kayo et al. 2012). Studies of freshwater amphipods in Africa are
scant, as represented by only a few historical records (Ruffo 1984; Messouli et al. 2001; Kayo et
al. 2012; Piscart et al. 2013). Nevertheless, African amphipods are quite diverse and constitute
about 24, 5% of freshwater amphipods represented by 13 families, of which one of the families is
endemic to the region, i.e., Sternophysingidae (Vainola et al., 2008; Kayo et al. 2012). About 72
amphipod species have been described in Africa; however, Kayo et al. (2012) argue that more
species are occurring in this region, and due to the difficulties in sampling and insufficient data

about this order hinder the correct estimation of African amphipod diversity. However, with



improved surveys, new species have been identified. Piscart et al. (2013) survey at Mount EL
Hamra in northeastern Algeria led to the identification of a new species Echinogammarus haraktis
Piscart et al. 2013 from the genus Echinogammarus Stebbing, 1899. Numerous researchers'
continued identification of amphipod species indicates insufficient sampling methods (Rewicz et
al. 2014; Ayati et al. 2018; Hadjab et al. 2020). However, Africa continues to have insufficient
amphipod diversity as most studies have concentrated on surface amphipods leaving subterranean
realms less explored. For instance, Bogidiella nubica Ruffo, 1984 was known to occur in the
subterranean waters in South Africa and Somalia. Ruffo (1984) study consequently identified B.
nubica for the first time in Sudan. Similarly, Sternophysinx hibernica Griffiths, 1991 has been only
recorded in the subterranean waters of Central Namibia. These finding clearly shows that more

data and sampling are needed to identify the diversity of subterranean habitats.



1.3. Systematic classification of amphipods
In aquatic or terrestrial habitats, amphipods have been taxonomically challenging; however, in the

last decade, the order has been revised with new suborders and infraorders (Lowry & Myers 2013,
2017; Myers & Lowry 2018). Four suborders historically represented Amphipoda: Gammaridea
Latreille, 1802; Caprellidea, Leach 1814; Hyperiidea Milne Edwards, 1830 and Ingolfiellidea
Hansen, 1903 (Chapman 2007; Lowry & Myers 2013). Caprellidea and Hyperiidea are exclusively
marine amphipods (Chapman 2007). Caprellidea, also called skeleton shrimp, is only found in the
marine environment in algae, sponges, seagrasses and other environment (Chapman 2007; Friend
& Richardson 1986). Hyperiidea, differentiated from other suborders by enlarged eyes, is
composed mostly of parasitic species, with only a minority that is free-living (Vinogradov et al.
1996). Ingolfiellidea is the smallest suborder, with only 44 described species occurring in the deep
sea, freshwater, subterrancan and brackish environment (Vonk & Schram 2003; Martin et al.
2013). Gammaridea is the most species-rich suborder with 8 300 described species, and its species
mostly occur in cold and temperate regions (Chapman 2007; Martin et al. 2013; Martin & Davis
2001). The latter suborder comprises species occurring in both aquatic (marine and freshwater
environment) and terrestrial environment. The above classification was mainly based on
morphological similarities between species without considering the shared traits that explain more
about the species' common ancestor (Vader 1983; Poore 2002). Lowry and Myers (2013) re-
examined Amphipoda by investigating 115 synapomorphy characters and revised the phylogenetic

classification to fill this gap.

A new classification was proposed by Lowry & Myers (2017) elevated the Ingolfiellidae to a status
of an order level on their own, removing it from Amphipoda. Even though amphipods and
ingofiellids share traits such as no carapace and coxal gills morphologically, ingofiellids are not
considered as part of amphipods due to their different characters (Lowry & Myers 2017). Further,
Myers & Lowry (2018) proposed six new Amphipoda suborders: Amphilochidea Boeck, 1871;
Colomastigidea Stebbing, 1899; Hyperiidea Milne Edwards, 1830; Hyperiopsidea Birstein &
Vinogradov, 1955; Pseudingolfiellidea Lowry & Myers, 2012 and Senticaudata Lowry & Myers,
2013. All these suborders share about 115 common evolutionary ancestral traits, with the
possession of robust setae on the apices of uropod 1 and 2 regarded as the important character

state.



Senticaudata is the newly proposed Amphipoda suborder, which comprises about 100 families that
were previously included in Gammaridea (Myers & Lowry 2018). All these families had shared
traits such as coxal gills (unstalked or stalked), sternal simple gills (absent or present) and other
character traits. Six infraorders in the suborder Senticaudata were also proposed, including
Carangoliopsida Bousfield, 1977; Talitrida Rafinesque, 1815 (Serejo, 2004); Hadziida Karaman,
1943; Corophiida Leach, 1814 (Myers & Lowry, 2003); Bogidiellida Hertzog, 1936 and
Gammarida Latreille, 1802. Senticaudata is the largest and most diverse suborder of Amphipoda,
which incorporates all freshwater amphipods, including the Sternophysingidae, which will be the
focus of this thesis. However, the phylogenetic position of Sternophysingidae within this suborder
is unknown, as no molecular data is currently available. Similarly, the inter-species relationships
of this genus are not currently known for the same reason as no molecular data is available (but

see Murray 2020).



1.4. Sternophysingidae Holsinger, 1992
Sternophysingidae is characterised by enlarged gnathopod 1 and the absence of coxal gill on

pereiopod 7 (Holsinger 1992; Griffiths 1991). This family is comprised of a monotypic genus,
Sternophysinx bousHolsinger & Straskraba, 1973, established by Holsinger & Straskraba (1973)
(Bousfiled 1977; 1979). Sternophysingidae is a subterranean family compromising of species
occurring in caves and karst systems. The genus Sternophysinx has a complicated taxonomic
history, having been assigned to the family Bogidielloidae (Bousfield 1977), then to the family
group Pseudocrangonyx-sternophysinx Bousfield (1978), then to the family Paramelitadae.
Furthermore, this genus was removed from the family Paramelitidae without being assigned to any
family (Holsinger and Straskraba 1973). It was then assigned to a new family Sternophysingidae
(Holsinger 1992). Sternophysinx robertsi was the first species described in it but was named
Eucrangonyx robertsi Methuen, 1911. Eucrangonyx robertsi was moved to a new genus
Crangonyx Bate, 1859 which was also known as Eucrangonyx; the newly assigned genus
Crangonyx created questions about its occurrence in the Southern Hemisphere. Crangonyx is a
Northern Hemisphere genus endemic to the Holarctic region (Holsinger & Straskraba 1973;
Holsinger 1992), and its occurrence in the Southern Hemisphere was questionable. Consequently,
Holsinger & Straskraba (1973) conducted a study on the occurrence of Crangonyx in South Africa
and described a new genus Sternophysinx. Eucrangonyx robertsi was then renamed as
Sternophysinx robertsi (Methuen, 1911). This genus comprises seven known species in the South
African subterranean environment (Griffiths & Stewart 2001; Milne & Griffiths 2013). In the last
20 to 30 years, there has been increased observations of this genus and more questions have arise

about their distribution and systematic classification.



"1.4.1 Distribution of the genus Sternophysinx in South Africa
In South Africa, Sternophysinx spp. have been recorded in several caves such as Sterkfontein, Nash

Nature Reserve, Koelenhof cave and Bakwena caves in Gauteng province; Matlapitse cave, Ficus
and Peppercorn cave in Limpopo; Boesmansgat cave in Northern Cape; De Hoop Nature Reserve
in Western Cape and Chaos cave in the North West Province (Holsinger & Straskraba 1973;
Holsinger 1992; Griffiths & Stewart 1996; Tasaki 2006; Milne & Griffiths 2013). Generally,
members of this genus were thought to be narrow endemics, as they were mostly known from
single locations, but comprehensive compilation of all the records from the literature shows that is
mostly not true (see Table 1). Indeed, several species are still known from only one location, such
as Sternophysinx alca and S. megacheles, but several more present a wide distribution, like S.
travaalensis, S. filaris and S. calceola. So, it is not clear whether this pattern is artefact of more
sampling, or whether this is true reflection of the status question. However, experiences elsewhere
have shown that species that were thought to be widely distributed have turned out to be harbouring
cryptic diversity (Finston et al 2004; Copilas-Ciocianu & Petrusek 2017; Deli¢ et al. 2017a). This
study will aim to contribute to figuring out whether Sternophysinx spp. are naturally widely

distributed or not.

Sternophysinx robertsi (Methuen, 1911) was the first species to be described and its population is
recorded from two nearby caves in Makapan's Valley, i.e., Peppercorns and Ficus cave in Limpopo
(Table 1), and the second population in Bakwena cave (previously called Irene cave) in Gauteng
(Holsinger & Straskraba 1973). These sites are approximately 250 km apart, and by looking at the
geographical distribution of this species, such distribution range is interesting for species that
inhabit caves (Holsinger & Straskraba 1973; Tasaki 2006). It is an active swimmer that co-occurs
with the less active S. alca. This species is differentiated from S. tranvaalensis and S. alca by

possessing the expanded article 2 of pereiopods 5-7.

The second species to be described was Sternophysinx filaris Holsinger & Straskraba, 1973 from
Sterkfontein Caves, Gauteng. This species has also been recorded in several caves, such as
Koelenhof Cave, in the same geographic area as Sterkfontein cave and Chaos Cave near
Potchefstroom in North West province (Table 1). This species is distinguished by thread-like hairs
on pereopods 5 and 6 (Holsinger and Straskraba 1973; Milne & Griffiths 2013). It is usually found
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swimming on the surface and has been regarded as an active swimmer and a close relative of the
less abundant Sternophysinx megacheles Griffiths & Stewart, 1996 (Holsinger 1992, Griffiths &
Stewart 1996). It has also been reported from Bakwena cave, which is more than 60 km from
Sterkfontein (Durand et al. 2012). This species has also been reported to occur in two provinces,
Gauteng and North West, making it one of the species with an interesting wide distribution and a

potential taxonomic challenge that requires further investigations.

Sternophysinx transvaalensis Holsinger & Straskraba, 1973 was the third Sternophysinx species
to be described in this genus. It was initially reported from the spring in Nelspruit, Mpumalanga
Province (Holsinger & Straskraba 1973; Griffiths 1981). Compared to the other species, S.
transvaalensis has a small body size, with females (5.2mm) larger than males (4.5mm), a reduced
article 2 of pereiopods 5-7 and short setae (Holsinger & Straskraba 1973; Griffiths 1981). This
species has subsequently been reported in in several locations: including, De Hoop Nature Reserve,

Western Cape, Nelspruit, Mpumalanga Province, and Nash Nature Reserve in Gauteng (see Table

1.

Sternophysinx alca Griffiths, 1981 is the fourth species described in this genus, occurring from
Peppercorn's cave and Ficus cave in Limpopo. This species is distinguished by the excavation and
tooth on the palm of gnathopod 1 and 2 (Griffiths 1981). It has been recorded alongside S. robertsi
and is a poor swimmer (Stewart & Griffiths 1996). Sternophysinx alca has been recorded only
from its type locality (Griffiths 1981).

Sternophysinx basilobata Griffiths, 1991 was initially described from specimens collected from
Boesmansgat cave near Kuruman in Northern Cape Province (Stewart & Griffiths 1996). The
second population was collected from the Kogelbeen cave (Irish & Marais 2002). It is
characterised by anterior expansion of article 2 of pereopods 3 and 4 (Griffiths 1991).
Morphologically, S. basilobata resembles S. filaris by possessing setose on article 6 and spinules
on pereopods 3-7 (Stewart & Griffiths 1996). It is one of the amphipods that occurs in more than
one location (Table 1) and is found in the same locality as S. megacheles in Boesmansgat cave

(Milne & Griffiths 2013; Stewart & Griffiths 1996).

Sternophysinx calceola Holsinger, 1992 was initially recorded from Matlapitse cave near

Trichardtsdal (Holsinger 1992). This species is characterised by the possession of paddle-shaped
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calceoli on antenna 2 and is closely related to S. alca and S. transvaalensis (Holsinger 1992). This
species is also distinguished by its large body size, which ranges between 9.5 to 18 mm, with
females larger than males. It has been reported to occur in more than one location covering three
provinces Gauteng (Bakwena, Koelenhof cave and Sterkfontein cave), North West (Chaos cave)
and Limpopo (Matlapitse cave) (Tablel). In all localities except Matlapitse cave, S. calceola co-

occurs with S. filaris.

Sternophysinx megacheles was described from Boesmansgat cave. This species shares common
traits with S. filaris, such as notched telson expanded article 2 of pereopods 5-7 and setal brushes
on pereopods 5 and 7 (Griffiths & Stewart 1996). It co-exists with S. basilobata. Of all the seven
known species, only four are widely distributed: S. filaris. S calceola, S. basilobata and S.

transvaalensis. Their distribution in the South African region is recorded in the table below.
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Table 1.1: Checklist of the distribution of Sternophysinx in South Africa

Species Type locality Museum where types Collected Additional localities where | Provinces References
are deposited the species has been
recorded
Sternophysinx alca Peppercorns Cave!® | South African Museum | June 1979 Ficus cave!78 LP Griffiths 1981; Milne & Griffiths
Griffiths, 1981 2013; Durand & Peinken 2010
Sternophysinx filaris Sterkfontein Museo Civico Di Storia | Sep 1954 Koelenhof Cave®, Chaos GP, NW Holsinger & Straskraba 1973; Tasaki
Holsinger & Straskraba, Cave>678 Naturale Cave’®, Bakwena cave®®73? 2006; Milne & Griffiths 2013; Durand
1973 Grobler’s Cave!'! & Peinken 2010; Durand et al. 2012;
Murray 2020
Sternophysinx robertsi Makapan’s South African Museum | Feb 1911 Peppercorn cave®’$, LP Holsinger & Straskraba 1973; Tasaki
(Methuen, 1911) cave?®78 Ficus>67:8 2006; Milne & Griffiths 2013; Durand
& Peinken 2010
Sternophysinx basilobata | Boesmans Gat South African Museum | Dec 1988 Kogelbeen'? NC, WC Griffiths 1991; Milne & Griffiths
Griffiths, 1991 cave>’ 2013; Irish & Marais 2002
Sternophysinx calceola Matlapitse cave’ Ditsong National Dec 1985 Koelenhof Cave®?, LP, NW, GP Holsinger 1992; Tasaki 2006; Milne &
Holsinger, 1992 Museum, of Natural Chaos Cave’ Griffiths 2013
History Bakwena cave’® ; Durand & Peinken 2010; Durand et
Grobler’s Cave!! al. 2012, Murray 2020
Sternophysinx Near Nelspriut®®# Museo Civico Di Storia | May 1955 De Hoop Nature Reserve’, MP, WC, GP Holsinger & Straskraba 1973; Tasaki

transvaalensis Holsinger
& Straskraba, 1973

S25°33° 207 E30°
47 40"

Naturale

Nash Nature Reserve®®

2006; Milne & Griffiths 2013;
Durand & Peinken 2010
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Sternophysinx megacheles
Griffiths & Stewart, 1996

Boesmansgat

cave®’

South African Museum

Aug 1991

NC

Griffiths & Steward 1996; Milne &
Griffiths 2013

Limpopo - LP, Gauteng- GP, Mpumalanga- MP, North West- NW, Kwa-Zulu Natal-KZN, Western Cape- WC, Northern Cape-NC
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1.5 Problem statement
Studies on subterranean amphipods with wide distribution have shown that such species are either

cryptic or complex and have been studied intensively in other regions. Currently, the taxonomic
work of this family in a subterranean environment is poorly known, and there has been no
subsequent work on this family since the 1990s (Griffiths & Stewart 2001). Milne & Griffiths
(2013) compiled known distribution records of members of this genus at the time, and the current
study (Table 1) further builds up on that work, greatly improving our understanding of the
distributional record. The existence of species exhibiting wide distribution is intriguing because
these subterranean species were historically thought to be range restricted to just one cave. The
current taxonomic identification of these subterranean amphipods needs revision to accommodate
this new observation of the potentially wide occurrence of species in this taxon. There are two
possibilities at play here. Firstly, these species showing unusually expansive distribution might be
part of the species complex harbouring cryptic diversity. Secondly, the observed distribution might
represent the natural state scientists are only uncovering now, courtesy of increased sampling
efforts. If there are hidden cryptic diversity and new species are discovered, there will be a need
to revise the taxonomic keys. Integrative taxonomy, whereby both morphological and molecular
datasets are used to solve taxonomically challenging taxa, will be needed here (Finston et al. 2004,

2007).

15



1.6 Aims
This project has two overarching aims:

i. To conduct an integrated taxonomic review, using both morphological and molecular
assessments, including the DNA barcoding of South African sternophysingid amphipods:
Chapter 2.

ii. To investigate the impact of an introduced koi fish on the Boesmansgat cave amphipod

population: Chapter 3.

1.7 Objectives
i.  Perform DNA barcoding for all the currently known species by sampling topotypic

material from all the known locations, plus looking for new localities.
ii.  Conduct description of any new species found during the step above.
iil.  Use stable isotope analysis to assess the feeding of an introduced koi fish at an important
cave, Boesmansgat cave, that houses two endemic subterranean amphipods (i.e., S.

basilobata and S. megacheles) to assess if they endangered by this fish.
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CHAPTER 2

Integrating morphological analysis and mitochondrial genes (12S) to examine the diversity

and phylogenetic relationship between Sternophysinx species

Sternophysinx is a genus of subterranean amphipods endemic to Namibia and South Africa
(Griffiths 1991). However, the taxonomic classification of this taxon appears to be in flux, and the
available taxonomic keys need to be updated, requiring revision. Additionally, recent studies on
subterranean amphipods in other continents have shown a high level of morphological variation in
subterranean amphipod species and have highlighted the need to incorporate other efficient ways
of identifying species (Finston et al. 2004; Finston et al. 2007). In South Africa, detailed
knowledge of the distribution and phylogenetic relationship between subterranean amphipods still
needs to be improved. This study has used morphological and molecular analysis to re-evaluate
the distribution and to understand the phylogenetic relationship amongst subterranean amphipods
for the genus Sternophysinx. Available morphological keys (Griffiths & Stewart 2001) were used
to identify collected amphipod specimens from Boesmansgat cave, Bakwena cave, Sterkfontein
cave, Beaufort West, Ficus cave, Peppercorn cave, and North West. Additionally, the 12s
ribosomal RNA gene was also used to complement the morphological identification and

investigate the relativeness of Sternophynsix species.
2. Introduction

Based on the global distribution findings of freshwater amphipods, Barnard & Barnard (1983) and
Viin6la et al. (2008) have proposed that the northern hemisphere region is the most species-rich
as compared to other regions. For example, 45% of the Northern Hemisphere subterranean
amphipod diversity is in the families Niphargidae Bousfield, 1977 and Crangonyctidae Bousfield,
1973 (Viinola et al. 2008). On the other hand, the southern hemisphere lineages have diversified
from the Gondwanaland prior to the fragmentation during the Jurassic period (Barr 1968). The
Southern hemisphere includes 33 described freshwater amphipod families, with 18 being endemic
to the region (Viinola et al. 2008). Sternophysingidae is one of the 33 subterranean amphipod

families distributed in the Southern Hemisphere in the Gondwana region (Vaino6la et al. 2008).
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As discussed briefly in Chapter 1, South African Sternophysinx spp. consists of several widely
disturbed species, namely S. filaris, S. calceola, S. basilobata and S. tranvaalensis (Holsinger &
Straskraba 1973; Holsinger 1992; Griffiths & Stewart 1996; Tasaki 2006; Durand et al. 2010). On
the other hand, it also includes narrow endemics Sternophysinx megacheles, S. alca and S. robertsi,
and so far, they have only been recorded from a single location. Previous case studies (see
Holsinger & Straskraba 1973; Griffiths 1981; Griffiths & Stewart 1996) on this genus have been
mainly morphologically based, and no molecular work has been done. The systematics remains
unresolved, and taxonomy is in flux. Most work conducted on subterranean amphipods has found
high levels of cryptic diversity, i.e., species that are genetically different but have been identified
as one due to morphological similarities (Hou et al. 2007; 2011; Copilas-Ciocianu & Petrusek,
2015; 2019; Finston et al. 2004, 2017; FiSer & Zagmajster 2009). In South Africa, studies to
elucidate potential cryptic diversity in freshwater amphipods have not yet been forthcoming, a gap

the current study aims to contribute towards.
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2.1. Subterranean organisms and their adaptation

2.1.1 Subterranean environment

Subterranean environments are home to many important organisms and are the primary source for
freshwater systems (Mammola et al. 2019). Waters in springs, wells and boreholes are outflows of
subterranean waters. Compared to surface species, subterranean species description and
biodiversity assessment is still lagging far behind (Gibert et al. 1994). However, thousands of
subterranean species, both stygofauna (aquatic species occurring in caves, springs and karst
systems) and troglofaunal (air-breathing terrestrial species that inhabit caves systems), have been
identified (Gibert et al. 2009). As a result of the extreme conditions in the subterranean
environment, such as food scarcity, low oxygen and species that morphologically look similar
(Trontelj et al. 2009), researchers have been exploring this environment. Gibert & Culver (2009)
review of the diversity of subterranean species indicated that Europe holds the record with over
2000 described species compared to other continents, and Africa has the least diversity with 335
known species. Most inhabitants of the subterranean environment are crustaceans such as isopods,
amphipods, copepods and other stygofauna, however, few vertebrates, nematodes, and arachnids

have been occasionally observed (Galassi 2001; Culver et al. 2010; Culver & Pipan 2015).

The subterranean environment is distinguished by reduced sunlight exposure and, in some cases,
complete darkness. As such, stygofauna and troglofaunal exhibit unique traits such as reduced
sight, depigmentation, and elongated appendages (Abrahams 2012; Kralj-Fiser et al. 2017, 2020).
These unique features make these species vulnerable to habitat alteration as their habitat permit
slow population growth (Humphreys 2000). Unfortunately, increased human demand for water
puts these stygofauna species under threat. In South Africa, subterranean environments are not
well studied and are under threat by human activities such as mining, farming, fragmentation,
destruction and pollution (Sharratt et al. 2000; Durand et al. 2012; Du Preez 2014; Ferreira et al.
2020). Despite this, subterranean species are still understudied (Gibert et al. 2009), this is also true
for South Africa where the faunal diversity of this habitat is not well studied (Durand 2008).

Due to their paleontological importance, subterranean environments, particularly in the Gauteng

region of South Africa, have been of interest in studying the origin of humans, for example,
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Sterkfontein caves (Durand 2008, 2012; Durand et al. 2012). Other ecosystems like the Bakwena
Cave, Grobler's Cave and Kemp's Cave are a few caves that are home to endemic bats species such
as Miniopterus natalensis Smith, 1833, Myotus tricolor Temminck, 1832 and Rhinolophus
clivosus Cretzschmar, 1826 and have been explored to investigate the diversity of troglofauna and
stygofauna (Durand et al. 2012). Moreover, the Bakwena cave is a home to various creatures,
including; amphipods, nematodes, mites, beetles, moth flies and spiders (Durant et al. 2012; Jacobs
et al. 2017; Moyo & Jacobs 2020). The troglofaunal species, such as, nematodes have been
reported to have been occasionally accidentally introduced in the subterranean environment. Du
Preez et al. (2015) investigated the occurrence of nematodes in the Wonderfontein Cave and
reported that these species are abundant in this cave system. According to this study,
Wonderfontein Cave comprised of 53 nematode genera (Du Preez et al. 2015). Northern Cape is
one of the South African regions dominated by caves, and Irish & Marais (2002) showed species
diversity in caves species in the Northern Cape Province. This study explored eight caves or karst
systems, and both troglofauna and stygofauna specimens were collected or observed. From the
surveyed caves, Kogelbeen cave was reported to be the most speciose-rich cave comprising bats,

fungi, isopods, amphipods and spiders (Irish & Marais 2002).

20



2.1.2 Subterranean amphipods

Amphipods have been observed in subterranean habitats, either subterranean lakes, i.e., caves or
karst systems or in springs (Culver et al. 2010). For years, subterranean amphipods have been
characterized as highly endemic species, with narrow distributions. This fits the view of
subterranean habitats as being highly fragmented, thus leading to divergent evolution in which the
different species develop similar traits through convergence despite disparate geographic
locations. With intensive subterranean exploration and a rise in publications about this habitat,
subterranean amphipods have been reported to have a broader distribution, occurring in more than
one locality. With the increased studies of subterranean amphipods, widely distributed
subterranean amphipods have been frequently observed. For example, Pseudocrangonyx Akatsuka
& Komai, 1922 is a subterranean genus diverse in springs in the east Asian region with 27
described species (Jung et al. 2020). This genus is poorly resolved with species that have been
described as one. However, studies have been conducted to fill this gap (Lee et al. 2018, 2020;
Jung et al. 2020).

Subterranean amphipods have energy limitations, such as reduced metabolism and movement due
to the limited light. From the feeding point of view, subterranean habitats are underprivileged
environments with significantly low energy sources (Hervant et al. 1997; Huppop 2000; Hervant
et al. 2001; Hervant & Renault, 2002; Gibert & Deharveng 2002). The absence of light prevents
the production of primary producers, promoting specialist feeding behaviour. However,
chemolithotrophic bacteria are primary producers in subterranean habitats, which has been
observed in deep-sea (Kumaresan et al. 2014). However, the absence of a primary producer in this
habitat is advantageous to subterranean inhabitants as plants use already limited oxygen

(Humphreys 2006).

Subterranean amphipods comprise a slender or slim body with short appendages to permit
movement between rocks and shelter under small gravel (Kralj-FiSer et al. 2020; Viin6la et al.
2007). However, body size in subterranean amphipods also aids in migration, with amphipod
species with a body size of less than 1 mm having been found occurring in interconnected cave
systems (Copilas-Ciocianu et al. 2018). For instance, Stygobromus mackini Hubricht 1943 and
Crangonyx antennatus Cope & Packard, 1881 have wide distribution and have been observed in

geographically close regions (Trontelj et al. 2019). Subterranean species generally have restricted
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distribution, with few species displaying a patchy and fragmented range in springs, karsts,
boreholes and caves (Copilas-Ciocianu et al. 2018). Studies on genera such as Stygobromus Cope,
1872, Synurella Wrzesniowski, 1877, Crangonyx Bate, 1859, Niphargus Schiodte, 1849, Hyalella
Smith, 1874 and Gammarus Fabricius, 1775 have shown subterranean amphipods to be broadly
distributed, and many species have shown that these genera are highly cryptic due to their similar
environmental conditions (Vainola et al. 2007; Trontelj et al. 2009; 2012; Copilas-Ciocianu et al.

2019).
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2.2 Cryptic speciation of freshwater amphipods

Studies have revealed that the diversity of subterranean amphipods has been underestimated, and
for years this taxon has been diagnosed through morphological-based methods. However,
phenotypic conservatism and convergent evolution have weakened the use of morphologically
based identification, potentially leading to the present underappreciation of diversity. This has
been observed in cases where closely related and distant species are superficially similar in
morphology and are identified as the same species (Bickford et al. 2007). With increasing
accessibility and exploration of subterranean habitats, our understanding of their biological
diversity is improving. Cryptic species not only cause misidentification of species but may hinder
the inclusion of those species in conservation programs (Prié et al. 2012). The lack of appropriate
taxonomic keys to capture cryptic diversity is a serious issue, hindering progress in distributional
assessment and systematic research (FiSer & Zagmajster 2009; Fiser et al. 2015). Cryptic
speciation is a well-documented phenomenon in both subterranean and surface amphipods species
(FiSer et al. 2015). Cryptic species have created confusion in taxonomy, making conservation
programmes impossible (Westram et al. 2013; Alther et al. 2017; Deli¢ et al. 2017b). For example,
the South African genus Paramelita comprises two species; P. capensis (Barnard, 1916) and P.
nigroculus, that were originally reported to be widely distributed (Griffiths 1981; Cook 1991).
However, Stewart (1992) investigated P. capensis by incorporating morphological and molecular

analysis and revealed that this species is a complex of five species.

The subterranean environment supports cryptic diversity due to the extreme conditions of the
habitat allowing for slow and limited phenotypic variation. Like most other subterranean creatures,
Amphipods in this habitat are a textbook example of morphological conservatism (Westram et al.
2013). Consequently, subterranean amphipods have adopted similar traits that make it difficult to
separate them morphologically. For example, Gammarus fossarum and G. pulex (Linnacus, 1758)
have been misidentified as the same species due to remarkable morphological resemblance;
however, these two species belong to different species complexes (Rudolph et al. 2018). Many
subterranean amphipod taxa have been found to exhibit cryptic diversity (Trontelj et al. 2007;
Copilasg-Ciocianu et al. 2018; Rudolph et al. 2018). For example, Lefébure et al. (2007) conducted
a study on Niphargus rhenorhodanensis, a widely spread subterranean amphipod found to be a

species complex (comprising of cryptic species). Similar results were observed on N. virei, where
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at least three cryptic species were identified within the N. virei species complex (Lefébure et al.
2006). Recently, molecular analysis through DNA sequences has been used to identify and solve
cryptic species. For over 20 years, most studies have incorporated both morphological keys and

DNA analysis to identify species, especially cryptic species (Gaines et al. 2005).

2.3 Integrative taxonomy to solve cryptic species

Traditionally, species have been identified using only morphological keys; over time, the keys
have become deficient due to convergence and morphological conservatism (Schlick-Steiner et al.
2010). Furthermore, the older classification keys in some taxa, especially invertebrates, have been
disputed even though other identification techniques, such as image analyses and morphometrics,
have been used. This is due to the diverse morphological similarities between phylogenetically
distant species making morphology-based taxonomy not applicable to some species. Phenotypic
plasticity (changes in morphology or behaviour of the same taxa due to the environmental
conditions), cryptic species, and the lack of experts are the major taxonomic impediments
identified by Hebert et al. (2003). To resolve this taxonomic incompleteness, the morphological
method has been incorporated with genetic analysis (Pires & Marinoni 2010). However,
taxonomists have criticized this method, fearing it might replace morphological-based
identification (Dunn 2003; Adams et al. 2006; Pires & Marinoni 2010). Morphological taxonomy
is still used simultaneously with molecular analysis (i.e., integrative taxonomy) when dealing with

old specimens and cryptic taxa (Fiser et al. 2010).

Mitochondrial DNA (mtDNA) is the most utilised genome that has proven efficient when
investigating closely related species and population structures. This is because it is easy to extract
the mtDNA (Gaines et al. 2005; Simon et al. 2006). The mitochondrial genome consists of a
double-stranded DNA which is responsible for encoding oxidative phosphorylation subunit
proteins. It is also responsible for producing two 12S rRNA, 16S rRNA and 22 tRNA. DNA
barcoding uses small DNA fragments of either mitochondrial or nuclear DNA sequences to
identify species by comparing the DNA sequences from that available in the database (Hebert et
al. 2003; Will et al. 2005; Pires & Marinoni 2010).

DNA sequences have been proven to be a more efficient and easy method of resolving issues in

taxonomy through identifying cryptic species and species complexes (Schlick-Steiner et al. 2006;
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Stockman & Bond 2007; Alter et al. 2017; Copilas-Ciocianu et al. 2018). As a result, the use of
DNA sequences in taxonomy has increased, and data has been made available through Zoobank,
and Genbank (Hebert et al. 2003; Pavlidis & Stamatakis 2013; Fujita et al. 2012). DNA sequences
have revealed that more species, especially subterranean species, had previously been
misidentified as the same species due to morphological similarities (Finston et al. 2007; FiSer et
al. 2009; 2018). Many studies on subterranean amphipods have shown cryptic diversity to be a
common phenomenon, and more taxonomic problematic taxa have been resolved (Bickford et al.
2007; Adams et al. 2014; Murphy et al. 2013; 2019). For instance, Niphargus is a speciose-rich
genus consisting of surface and subterranean amphipod species that superficially look similar.
Since the introduction of molecular taxonomy, more species have been identified (Lefébure et al.

2006; 2007).

The mitochondrial gene, specifically cytochrome c¢ oxidase I (COI), is a short stretch of a
mitochondrial gene and has been used for establishing species relationships, diagnosis and
identifying cryptic species. This gene has also been used even when investigating old, preserved
specimens because it is easy to obtain than other genes, such as nuclear gene markers (Fiser et al.
2010). Lefébure et al. (2007) used two gene markers, mitochondrial genes (COI and 16S) and a
nuclear gene (28S), to investigate the dispersion and cryptic species of widely distributed
subterranean amphipod N. rhenorhodanensis Schellenberg, 1937. The gene markers revealed that
there are several cryptic species within N. rhenorhodanensis. CO1 genes also explain or reveal the
lineage divergence of new species by looking at morphological distinguishability, reproductive
isolation and monophyly. A study that was conducted on the genus Niphargus indicated a
divergent evolution of a surface amphipod species from a subterranean ancestor (Copilas-Ciocianu
et al. 2018; Mammola et al. 2019). Furthermore, a study on G. fossarum has shown that the taxon
has more cryptic species than anticipated (Westram et al. 2011). Niphargus fontanus Bate, 1859,
Niphargus aquilex Schiodte, 1855, and Niphargus schellenbergi are subterranean amphipods in
Central Europe. These species have been identified as closely related, and using the CO1, and 28S
rDNA gene marker, Hartke et al. (2011) revealed that N. fontanus, N. aquilex occurring in the Harz

Mountains are genetically one species identified under N. schellenbergi.

The two ribosomal RNA (rRNA) genes, 12S rDNA and 16S rDNA have been also used in studying

species phylogenetics. However, majority of studies in crustacea have mostly incorporated 12S
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rDNA and 16S rDNA with CO1 gene. This might be because the CO1 already has universal
primers and easy to retrive, meanwhile 12S rDNA and 16S rDNA are highly conserved meaning
genes do not mutate easily (Yang et al. 2014). For instance, Tomikawa et al. (2007) used molecular
data CO1 and 12S rRNA to investigate the phylogenetic relativeness of two subgenera,
Jesogammarus Morino, 1993 and Annanogammarus Morino, 1986 by using neighbor joining (NJ),
maximum parsimony (MP) and maximum likelihood (ML) phylogenetic trees. This study revealed
that Annanogammarus is a monophyletic genus meanwhile, Jesogammarus is a paraphyletic and
CO1 and 128 yielded similar results. Even though the 12S gene is rarely used solely, few studies
on invertebrate and fish species successfully used this gene to investigate evolutionary events,
phylogenetic relationships among, population dynamics and the genetic structure of species (Hillis
& Dixon 1991; Wang et al. 2001; 2003). For example, Saijuntha et al. (2014) used a 12S gene
marker to investigate the phylogenetic relationship and haplotype network of a widespread genus
Oncomelania occurring in different localities in Philippines. Gouws et al. (2004) used allozyme
and 12S rRNA to study the genetic variation of Mesamphisopus capensis (Barnard, 1914) in two
regions in the Western Cape province. M. capensis is one of the four widely distributed isopod
species in South Africa and has population from Cape Peninsula and the Hottentots Holland
Mountains identified as the same species. Consequently, Gouws et al. (2004) found that isopods
species from the two regions are comprise of four genetically different species that

morphologically look like M. capensis.

This chapter aims to examine the phylogenetic relationship between Sternophysinx species using
mitochondrial 12S rRNA and the available morphological keys to revise the topotypic material of
this genus. Specifically, this study constructed a phylogeny that shows the relationship between
the species of Sternophysinx and incorporated both morphological and molecular analysis to
identify any new and cryptic species. This study hypothesized that Sternophysinx comprises

cryptic species, and possibly more than seven species.
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2.4 Materials and methods
2.4.1 Study sites

Sampling was conducted in nine sites; five caves, three springs and one borehole, from which
subterranean amphipod specimens were collected. Two sites were in Gauteng (Sterkfontein and
Bakwena caves), two in Limpopo (Peppercorn and Ficus cave), one in Northern Cape
(Boesmansgat cave), one site in North West (borehole close to Moore River in Potchefstroom),
two in Eastern Cape, EC (Hogsback and Mkhambathi Nature Reserve) and one site in KwaZulu-
Natal, KZN (Ntsikeni Nature Reserve). Both the records in KZN and EC were new distributional
records that were not previously known (Figure 2.4). Additionally, specimens from Graaff-Reinet
and Hogsback were Albany Museum collections and are part of the new records. All the latter sites
were springs that bubbled up after heavy rains and were opportunistically sampled as they are not
permanently available for sampling. Similarly, the two other records in North West and Western
Cape provinces were opportunistically collected as amphipods were caught in the borehole water
facilities. In fact, in North West, the amphipod came up on the kitchen tap for drinking borehole-
supplied water (Wouter Jooste, personal communication). Further, attempts were made to sample
the other known sites in Western Cape (De Hoop cave), Northern Cape (Kolgelbeen cave),
Limpopo (Matlapise cave) and Mpumalanga (Sudwana cave). Past and current literature
(Holsinger & Straskraba 1973; Griffiths 1981; Griffiths 1991; Holsinger 1992; Griffiths & Stewart
1996; Griffiths & Stewart 2001; Irish & Marais 2002; Tasaki 2006; Milne & Griffiths 2013;
Durand et al. 2010) was reviewed to determine the distribution of the subterranean amphipod
species in South Africa (Table 1). Most published work shows that Sternophysingidae is abundant
in the South African subterranean systems, including the Bakwena cave and Sterkfontein cave in

Gauteng Province and Makapan's Valley in Limpopo Province.
a) Bakwena cave

The Bakwena cave (S25°53'53.3” E28°13'19.8") is situated in the Agricultural Research Council,
Irene campus, in Centurion, Gauteng Province. This cave is a sinkhole, surrounded by grassy
plains and a few Celtis africana, Burm N.L. trees that hide it from view. The circumference of the
opening is approximately 10 m in diameter and accessible through vertical entrances via a rope (4
m), then a ladder (5 m) that extends to the main chamber (Rensburg 2010). The main chamber is

about 15m wide and has a length (roof and scree floor) ranging from 1.5 m to 4 m. The main
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chamber extends into two small chambers, and the east chamber extends to a water pool (Figure
2.1 B). Bakwena cave is home to a few dark-adapted species, such as Minopterus schreibersii
Kuhl, 1817, spiders, nematodes, fungi and two amphipod species S. filaris and S. calceola (Durand
etal. 2012; Jacobs et al. 2017).

b) Sterkfontein cave

The Sterkfontein cave (26° 01'00.31" S 27° 44'00.86"E) is one of the South African National
Heritage Site and a tourist attraction site and is well known for housing the most extensive
collection of hominid fossils. This cave can easily access through the main gate entrance by going
down the stair passage 15 m to the main chamber (Tasaki 2006). The main chamber ranges
between 7 m by 14 m in width and 40 m in length. The main chamber extends to a water chamber
surrounded by a fence and harbours two species of subterranean amphipods S. filaris and S.

calceola. The water is clear with a depth that ranges from Om to 16 m (Figure 2.1 A) (Tasaki 2006).

Figure 2.1: The photograph of two caves in the Gauteng Province: (a) shows Samuel and Musa
sampling the deeper depth of the Sterkfontein cave using a zooplankton net (b) research team
crawling down a narrow tunnel that led to the groundwater in the Bakwena cave. Pictures by

Kaylee Cambell and Musa Mlambo.
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c) Peppercorn and Ficus cave

Makapan Valley is Fossil Hominid Sites of South Africa World Heritage Site located in Limpopo
about 15 km northeast of Mokopane. This valley comprises of paleontological and archaeological
important caves which are said to have been formed during the Plio-Pleistocene period (Partridge
1966; Rayner et al. 1993). These caves include Limeworks Cave, Historic Cave, Cold Air Cave,
Cave of Hearths, Peppercorn cave and Ficus cave. However, Peppercorn cave and Ficus cave are
the only cave in this area that has underground water with only amphipod species recorded

occurring in them.

Peppercorn cave (24°09'S 29°12'E) and Ficus cave (24°08'54.60' 'S 29°12'14.15" E) are situated
in Makapan's Valley in Makopane, Limpopo. Both caves are located on the northern slopes of the
Makapansgat Valley (Partridge 1966). Peppercorn and Ficus caves are situated on top of dolomite
and seem to have resulted from both strike-slip faults (Partridge 1966). Peppercorn cave is easily
assessable by going down a steep, dusty and rocky trail (Figure 2.2 A, D.). The locals also use this
cave for spiritual purposes, which explains the presence of papers, candles, plastics and clothes in
the cave and the water pool. Peppercorn cave harbour two co-occurring species S. alca and S.

robertsi.

Meanwhile, the Ficus cave is more complex, complicated to assess, and situated on the north side
of the valley on top of a hill. The entrance of the Ficus cave is reached by going up hills on a rocky
trail that is covered by Ficus burkei Miq, 1867 tree. The entrance has a huge rock that opens up to
the main chamber with F. burkei roots partially covering up the entrance giving the cave an ice
age- look (Figure 2.2 C). The main chamber is dusty and has rock that may have been falling from
the ceiling. This chamber has two small tunnels, with the east tunnel leading to a dead end
meanwhile the west tunnel leads to the water table. The water table is reached by going down a
narrow dark tunnel that is about 18 m from the main chamber. The tunnel is completely dark, dusty
and has small rocks and small colony of bats was observed. Due to the presence of bat colony a
Histoplasmosis causing fungi occurs in the cave and a mask is required to avoiding inhaling it.
The water in Ficus cave is clearer than in Peppercorn cave, and there is no evidence of human
presence in this cave (Figure 2.2 A, B). Like Peppercorn cave, Ficus cave is also a home two co-

occurring species S. alca and S. robertsi.
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Figure 2.2: The Makapans Valley caves sampled for subterranean amphipods: (a) and (b) the
collecting amphipod from Peppercorn and Ficus cave, respectively and (c) and (d) show the

entrances of Ficus cave (c) and Peppercorn cave (d).
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d) Boesmansgat cave

Boesmansgat cave (27°55'18"S, 23°38'30"E), also known as Bushman's cave, in Northern Cape,
South Africa is a sinkhole within the Mount Carmel game farm, about 55 km southeast of Kuruman
town on the Danielskuil road. The area is at an altitude of 1 500 metres above sea level and is
regarded as the third deepest freshwater sinkhole in the world, with a maximum depth of 282.6
meters deep (Beaumont and Vogel 2006). The surrounding biome is semi-arid savannah, covered
mainly by grassy plains with few shrubs and trees, Senegalia mellifera (black thorn), Vachellia
erioloba (camel thorn) and Vachellia haematoxylon (gray camel thorn) (van Rooyen et al. 2001).
The sinkhole is situated 20 meters from the ground surface and reached by climbing down a steep
and rocky trail (Figure 2.3 C), and is a well-known site for the two co-occurring endemic
subterranean amphipod species, Sternophysinx megacheles and S. basilobata (Griffiths 1991;
Stewart & Griffiths 1996). The water pool is 100 metres in diameter and occasionally covered by
duckweed (Figure 2.3 A, B), with a dozen koi fish introduced in early 2010 in the sinkhole, and
only two survived. The Danielskuil has extreme temperatures with hot summer (20°C- 36°C) and
cold winter (0°C and 20°C) and receives an annual rainfall of 150 mm to 250 mm per annum (South
African Weather Service 2021). Heavy rains are common between February and April, with dry
winter between May and July. A study that looked on the koi fish feeding behaviour was conducted

in Boesmansgat cave and is explained in great details in Chapter 3.
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Figure 2.3: Photographs of Boesmansgat cave in the Northern Cape, South Africa: (a) Assessing
the submerged cave antrace where a bait can be placed, (b) Lowering a zooplankton net that
contains a yeast bait in the cave antrace and (c) areal and a close-up view of the Boesmansgat

cave)
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Figure 2.4: The study map includes surveyed sites presented by a shaded circle and sites that are not surveyed indicated
by an open circle.
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2.5 Data collection

Amphipods were collected using various techniques depending on the site's physical character
from different caves using a hand net and zooplankton net in the shallow water pool. In
Boesmansgat cave, a 30x30 zooplankton net attached to a 30cm rope was lowered into the
submerged cave entrance and left-over night with a yeast bait inside it. Meanwhile, in the
Sterkfontein, an 8cm sieve was used, and a zooplankton net was thrown into the deeper side of the
water pool. After collection, specimens were immediately preserved on 70% ethanol and were kept
in a cooler box until they were in the laboratory, then transferred to the refrigerator. The specimens
were identified using a stereomicroscope. The morphological identification of all collected
specimens was done based on Griffiths and Stewart (2001), for further DNA analysis, 2 to 3
individuals from each sampling site were processed for DNA barcoding, and the remaining
specimens were conserved in 100% ethanol and accessioned at the Albany Museum, Freshwater
Invertebrates department collection. All the specimens (except for specimens from Mkhambathi
Nature Reserve, Ntsikeni Nature Reserve, and North West) were sent to Prof. C. Griffiths, the

South African amphipod expert, for identification confirmation.

2.5.1 Morphological analysis
For morphological analysis the following keys were used to confirm the genus and species name:

1. Article 2
1. Broad and expanded into a posterior lobe
1. Narrow and distally not expanded into a posterior lobe
2. Article 5 and 6
1. With combs of setae with pereopods 5-7 with two or more accessory spines
ii.  No elongated setae with a single more accessory spine
3. Gnathopod 1
1. With article 6 longer than palm and distally separated by an angle
1.  With article 6 shorter than palm and separated from it
4. Antenna 2
1. With a paddle-like calceoli
1.  Without a paddle-like calceoli
5. Gnathopod 1 and 2
i.  Evenly convex
ii.  With a semicircular notch and tooth at midpoint
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2.5.3 DNA extraction

DNA was extracted from 2 to 3 individuals from each sampling site, making up three replicates
per species per site. Before extraction, the specimens were stored in distilled water overnight to
hydrate samples. Then, genomic DNA was extracted following the Lysates-Mini kit (Mammalian
tissue and mouse or rat tail lysate). The mitochondrial 12S rRNA gene was amplified by
Polymerase Chain Reaction (PCR) using a designed forward 12S CRR 5'-AAA CCA GGA TTA
GAT ACC CTATTA T 3" and reverse primer 12S CFR 5'- GAG AGT GAC GGG CGA TAT GT-

3' pairs.

For 12S rRNA gene, the polymerase chain reactions (PCR) were set following Gouws et al. (2004).
The thermal cycling step involved an initial denaturing step at 94°C for 4 minutes, then 33 cycles
of denaturing at 94°C for 5 minutes, followed by 35 cycles of denaturing at 94°C for 15 minutes,
an annealing step 52°C for 1 minute, and extension at 72°C for 1.5 minutes. The final step was
annealing for 52°C for 5 minutes and extension for 15 mins at 72°C. The PCR product success
was determined by agarose gel electrophoresis, and all the products yielding clear DNA fragments
were purified. The PCR product was purified using the ExoSAP purification QIAquick Kit
(Qiagen, Hilden, Germany). Consequently, the ExoSAP purified products were sequenced
following the Standardized protocol for Cycle Sequencing guidelines. Big Dye was used for the
sequencing reactions. Further, samples were purified and precipitated using an ethanol/EDTA

precipitation protocol.

2.6 Data analysis
2.6.1 Phylogenetic analysis

To assess the phylogenetic relativeness of the Sternophysinx species collected from nine
subterranean systems, Bayesian Inference (BI) and Maximum Likelihood (ML) analysis were
constructed based for 12S rRNA mitochondrial gene. The data set comprised 34 12S rRNA gene
sequences on individuals of Sternophysinx. Because we could not find any closely related species
to Sternophysinx on The National Center for Biotechnology Information (NCBI), DNA was
extracted from a species of the genus Mathamelita Stewart & Griffiths, 1995 Mathamelita
aequicaudata Stewart & Griffiths, 1995 and used as outgroup.

The 128 sequences were aligned and analyzed on MEGA11 v11.0.13 (Tamura et al. 2021) using
Clustal W. The aligned sequences were re-aligned online using MAFFT
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(https://maftt.cbrc.jp/alignment/software/), then trimmed and edited on Aliview. For both
phylogenies, jModelTest v2.1.10 (Posada 2008) was used to determine the best fit model.
Notepad+++ v8.4.3, released on the 8th of November 2022, was used to edit sequences and create
a partition for both phylogenies, and for the ML tree, the partition was run via the IQ tree web
server (http://igtree.cibiv.univie.ac.at/). The BI phylogenetic tree was constructed in MrBays
v3.2.6 (Ronquist et al. 2012) with partition obtained from the jModelTest. The ML and BI
phylogenies were also viewed on Figtree and edited on Inkscape v1.2 Beta, released on the 6th of

April 2022.

To test whether Sternophysinx includes of cryptic and unidentified species three delimitation
methods were employed i.e., Assemble Species by Automatic Partitioning (ASAP), Automatic
Barcode Gap Discovery (ABGD), and Bayesian implementation of the Poisson Tree Processes
(bPTP) (Puillandre et al. 2012; Zhang et al. 2013). The latter delineation methods are used to
resolve species with single-locus data with ABGD employing pairwise distances to deliminate
species and partition samples into reputed species. The distance metrix used was JukesCantor
(J.C.). Similarly, to ABGD, ASAP also uses pairwise distance and 10 best partitions. However,
the only difference is that ASAP uses scores to rate each partition, with the smallest score
indicating the best partition. ABGD, ASAP methods were performed using the web
interface https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html

and https://bioinfo.mnhn.fr/abi/public/asap/ respectively. bPTP deliminates species through the

use of a genetic tree for the analysis.

The bPTP is a coalescent phylogeny-based species delimitation method intended to delimit species
based on single locus molecular data (Zhang et al., 2013). The method relies on the number of
substitutions between species between haplotypes and assumes that more molecular variability is
expected between species than within a species (Zhang et al., 2013). PopArt version 1.7 was used
to visualise the mutation between haplotypes. To visualise the relationship between amphipods
species sampled in different Provinces for 12S, Median-joining network was constructed in

PopArt.

36


https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html%20and
https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html%20and
https://bioinfo.mnhn.fr/abi/public/asap/

2.7 Results

2.7.1 Morphological identification

Specimens from Bakwena cave, Sterkfontein cave, Boesmansgat cave, Beaufort West, Ficus and
Peppercorn cave were examined and identified by Prof C. Griffiths. All the specimens from the
latter sites were identified following Griffiths & Stewart 2001 (page 34-37). Twenty specimens
were collected from Beaufort West and were identified as S. basilobata. In Ficus and Peppercorn
cave, 50 and 14 specimens were collected respectively, and identified as S. alca. In Sterkfontein
and Bakwena cave 32 and 46 specimens were collected respectively. In addition, using the
currently morphological diagnostic characters specimens from both caves were identified as S.
filaris and two species were considered new and undescribed species. From North West, there was
only one specimen found, and used for both morphological and molecular identification, and based
on proximity to the Choas cave in that province that we could not sample, we would expect this
species to be either S. filaris or S. calceola. However, due to the elongated uropod 3 and concaved
posterior margin of telson we consider this species to be S. basilobata. In Boesmansgat cave 7
specimens (six S. basilobata and one S. megacheles) were collected and confirmed to be S.

basilobata and S. megacheles.

2.7.2 Phylogenetic analysis of Sternophysinx

A 261-bp 128 fragment was obtained from 33 amphipod samples from nine sites sampled between
2019 - 2022 covering six South African Provinces. The BI and ML phylogenies strongly support
the relationship between species of the genus Sternophysinx with BI posterior probability value
and ML bootstrap values about 0.5 or 50% (Figure 2.1). Both phylogenies constructed by the ML
and BI analyses yielded identical topologies. A phylogeny representing both BI and ML values is
also shown and discussed (Figure 2.1). The BI and ML yielded seven well-supported clades with
support values ranging between 1% posterior probability values and 97% to 100 % bootstrap
values. In both BI and ML phylogenies, Clade I comprise North West samples that are genetically
distinct from other samples collected in Makapans valley (Ficus and Peppercorn cave),
Makhambathi Nature Reserve, Ntsikeni Nature Reserve, Boesmansgat cave, Bakwena,
Sterkfontein cave and Beaufort West samples. Clade II is strongly supported with a 1.0 posterior
probability value and 99 bootstrap values showing two closely related species from unidentified
samples collected in Bakwena cave and, identified specimens from Sterkfontein and Bakwena

cave that were identified as S. filaris. Clade III comprises samples from Bakwena cave,
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Sterkfontein cave and Beaufort West that forms a single species. Clade I-III shows a clear local
divergence as all the species from the three different geographic regions forms genetically well
supported and distinct clades. However, the clustering of S. basilobata (1.0 posterior probability
value and 35 bootstrap values) from Beaufort west in Clade III might either suggests that this
species is one of the species occurring in Bakwena and Sterkfontein cave (S. filaris and S. calceola)
Or a new species.

Clade IV comprises samples from Makapans Valley (Ficus and Peppercorn cave), Hogsback and
Mkhambathi Nature Reserve, forming a single species. This clade is well supported (1.0 posterior
probability value and 100 bootstrap values) and is closely related to Clade V, that include two
specimens from Mkhambathi Nature reserve. Clade VI comprises samples from Ntsikeni Nature
Reserve that forms a single species, with Clade VII comprising two cryptic species from samples
collected in Boesnmansgat cave and were identified as S. basilobata. The former clades, i.e., Clade
[T to VII, share a common ancestor with Clade II. Clades V-VII are genetically and geographically
distinct, with specimens from Mkhambathi Nature reserve, Ntsikeni Nature reserve and
Boesmansgat cave forming well-supported clades. The occurrence of S. basilobata in three
genetically distinct clades (Clade II, IIT and VII) suggests that this species is complex. Species

complex, superficially similar in closely related species, is common in subterranean invertebrates.
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2.7.3 Species delimitation and genetic distances

Using the three-delimitation methods ASAP, bPTP and ABGD to determine new or cryptic
species, 12-14 species were identified (Table 2.1; Figure 2.1). All the delimitation methods clearly
show that samples from North West (Clade I) are genetically different from the rest of samples
from the six Provinces and both sequences represent a single species. ABGD and ASAP merge
Clade II into a single species, whereas bPTP split this clade into two putative species (Fig.2.1).
ABGD and ASAP grouped Clade III into three species, i.e., species 1 comprising of samples from
Bakwena and Sterkfontein cave, species 2 with samples from Beaufort west and species 3 with
samples from Sterkfontien cave while bPTP only grouped Clade III into one species. ASAP
grouped all the Clade IV samples into a single species; meanwhile, ABGD and bPTP split this
clade into 4-6 species, respectively. ASAP and bPTP merged Clade V into two species (species 1
from Mkhambathi Nature Reserve A, Mkhambathi Nature Reserve C and species 2 from
Mkhambathi Nature Reserve D) and ABGD considered the latter samples into a single species.
Similar results are shown in Clade VI, where ASAP and bPTP support splitting Ntsikeni Nature
Reserves samples into two species, with ABGD merging these samples into one species. ASAP
and bPTP split Clade VII into two species from samples collected in the Boesmansgat cave (S.

basilobata C and S. basilobata D), while ABGD grouped all the samples into a single species.

Values for intraspecific genetic distances and the number of putative species are shown for each
sampled Province in Table 2.2. The genetic distance values show clearly that amphipod species
from Northern Cape, Western Cape, North West, KwaZulu Natal and Gauteng are genetically
distinct. Contrary to the latter Provinces, Eastern Cape and Limpopo are genetically close or have
low genetic distances (0,07%). Similarly, the bPTP and ABGD delimitation have grouped samples
from Eastern Cape and Limpopo as a single species. The average genetic diversity distances
between Provinces (Table 2.2) vary from 0.07% to 0.24%. Importantly, the Northern Cape
population vs Western Cape, Limpopo, Eastern Cape, and North West have relatively high genetic
distances (0.14- 0.24).
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Figure 2.5: Bayesian (BI) and maximum likelihood (ML) tree showing the relationship between the species of Sternophysinx based on 12S gene. Each
colour and roman number represent a clade thus from Clade I- VII. The bars on the right represents the three delimitation methods used (ABGD, bPTP and
ASAP) with each bar column differ in colour according to the method used and number of species delimited.
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Table 2.1: Shows a summary of the three-delimitation methods ASAP, bPTP and ABGD used based on the splitting in each clade.

ASAP ABGD bPTP
Clade I (NW) 1 1 1
Clade IT (GT) 1 1 2
Clade IIT (GT+ WC) 3 3 1
Clade IV (WC+ EC+ LP): 1 6 4
Clade V (EC) 2 1 2
Clade VI (EC 2 1 2
Clade VII (N C) 2 1 2
Total 12 14 14
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Table 2.2: Genetic diversity between the seven sampled provinces Analyses were conducted using the Poisson correction.

Northern Cape | Gauteng Western Cape Limpopo Eastern Cape | North West KwaZulu-
Natal
Northern Cape
Gauteng 0,14
Western Cape | 0,19 0,15
Limpopo 0,19 0,19 0,14
Eastern Cape 0,21 0,20 0,16 0,07
North West 0,24 0,19 0,22 0,20 0,21
KwaZulu- 0,15 0,13 0,18 0,17 0,17 0,19
Natal
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2.7.4 Haplotype network and distribution of the genus Sternophysinx

All seven provinces clearly show that they differ in haplotype, as shown in Figure 2.6. The Gauteng
haplotype is the most abundant with the least number of mutations indicating that the Gauteng
haplotype is likely an older haplotype. This might be an indication that subterreanen amphipods
first invaded that ground water system of the Transvaal region before spreading throughout the
South African ground water. Additionally, the occurrence of two widely spread amphipod species
S. filaris and S. calceola in the Gauteng province is nicely explained in both the phylogeny and in
haplotype network (Figure 2.5; 2.6; 2.7)

Another important observation is the clustering of sequences from Bakwena cave and Sterkfontein
cave identified asS. filaris within Sterkfontein cave (S. filaris). Similarly, sequences from
Hogback (S. transvaalensis), Peppercorn cave and Graaf Reinet cluster with Ficus cave, and
sequences from Bakwena cave D, Sterkfontein D, and E also cluster within Bakwena cave A. This
clustering within Sterkfontein cave (S. filaris), Ficus cave and Bakwena cave means that the
species that cluster within these sequences share an ancestor. The clustering of the Eastern Cape,
Western Cape haplotype with Limpopo haplotype suggests that species from the two Provinces
are closely related, and this is supported by both the phylogenetic tree and the delimitation methods
(Figure 2.5). This might explain the co-occurrence of species in nearby cave systems, and as

indicated in Figure 2.6 species from Gauteng share a common ancestor.
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Figure 2.6: TCS PopArt network for 12S: the colourful circles represent the haplotype; the dash represents the number of mutations
which are proportional to the length of lines thus few mutations are shown by short line and vise visa.
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Figure 2.7: Distribution map of the Sternophysinx species in South Africa, including the recently sampled sites
in KwaZulu Natal and Eastern Cape Province.
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2.8 Discussion
This study argues that the lack of morphological variation between sternophsingids might indicate

cryptic species. The observation or occurrence of the same species in different geographic regions
has been proven in most cases to result in cryptic species or species complexes (Finston et al. 2004;
Fiser et al. 2015). Similar to the preliminary studies on subterranean amphipods (FiSer et al. 2015),
the morphological and molecular analysis has shown that Sternophysinx comprises cryptic species,
which implies that this genus includes unidentified species. According to our morphological
analysis, cryptic speciation seems to be quite frequent in co-occurring species, and this hypothesis
was well explained by Cothran et al. (2013), FiSer et al. (2015) and Wellborn & Cothran (2004)
whom all showed that morphological similarities are frequent in co-occurring species. These
similarities are had been generally caused by the exposure to the same environmental conditions.
Using three delimitation methods this study has consequently identified 14 putative species. These
findings imply that Sternophysinx comprises of cryptic diversity and unidentified species from the
known and new locations. The present study also supports the inclusion of at least seven new
species from the Boesmansgat cave, North West, Ntsikeni Nature Reserve, Mkhambathi Nature

Reserve, Bakwena cave and Sterkfontein cave.

Distribution of the genus Sternophynsix in South Africa:
The current distribution of the seven known species is rather complex, with the past literature

arguing that the distribution of Sternophysinx comprises narrow endemic species that are mostly
nested in Gauteng province (Tasaki 2006). Even so, most of this genus representatives have been
recorded in geographically distant sites. For instance, despite the known distributions of S.
basilobata (Boesmansgat cave and Kolgelbeen cave in Northern Cape), this study has expanded
this species' distribution to Beaufort West and in a borehole in North West Province. Therefore,
this study has revealed that this species is widely distributed, contradicting the present literature
that supports the high endemicity of the subterrancan genus Sternophysinx in South Africa
(Holsinger & Straskraba 1973; Holsinger 1992; Griffiths & Stewart 1996). This study has
consequently surveyed six new sites where Sternophysinx species have been found Graaf Reneit,
Beaufort West (S. basilobata), Potchefstroom (S. basilobata), Mkhambathi Nature Reserve,

Hogsback (S. tranvaalensis) and Ntsikeni Nature Reserve. Subterranean taxon with wide
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distribution is difficult to explain, given the isolated habitat with limited or no dispersal. Supported
by previous studies, this study suggests that the South African groundwater systems are either
connected or have been segregated for millions of years, resulting in widely distributed taxon
(Lefébure et al. 2006; 2007; Trontelj et al. 2009). Further, present studies have highlighted that the
shift in geographical and hydrological activities in groundwater systems has resulted in either
isolation of close species or a connection between subterranean species (Notenboom 1991; Finston
et al. 2007). The spontaneous bubbling of spring after rains in Makhambathi and Ntsikeni Nature
reserve maybe be the best case that explains the underground connection, as there have been no
records of Sternophysinx in either of these locations. Additionally, the occurrence of S. filaris in
neighbouring sites, Sterkfontein cave and Bakwena cave, also supports an ongoing groundwater
connection between some cave systems leading to the occurrence of the same species in closely

located sites.

In contrast to our results, cryptic species have been observed in species with about a 200 km
distribution range (Trontelj et al. 2009). However, the S. basilobata complex has an exceptional
distributional range of over 600 km, which is unusual for subterranean species. Consequently, such
a distributional range has been primarily documented in epigean amphipods (Borza et al. 2015;
Copilas-Ciocianu et al. 2017a; 2018). This distribution range raises many questions, such as, did
this species complex diverge from a common ancestor or are they recent descendants or are these
species a result of dispersal. In subterranean habitats, widely distributed species are hypothesized
to have resulted from geographic isolation during groundwater invasion, which resulted in genetic
differences in the same species (Bradbury & Williams 1997b; Humphreys 2001). Similarly, to the
South African genus, two genera, Pilbarus and Chydaekata, are widely distributed and have been

reported to comprise cryptic species (Finston et al. 2007).
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Morphological implication of the study’s results:
Morphologically, the present study show that Sternophysinx comprises cryptic species; these

findings agree with the recent work by Murray (2020), that S. calceoal and S. filaris were
morphologically similar but genetically different species. This study has also found cryptic
speciation from specimens collected in Ficus cave and Peppercorn cave, in the Limpopo Province
of South Africa. Both caves harbour two species, S. robertsi and S. alca, yet using morphological
charateristics only S. alca was identified from all the specimens collected in the two caves. Species
exposed to or experiencing similar or same selection pressure, especially in subterranean habitats,
lead to morphological similarities. These similarities might also result from shared ancestry traits,
introgression and morphological plasticity (Remigio et al. 2001). As indicated in this study, most
of the co-occurring species except for the population in the Boesmansgat cave (S. basilobata and
S. megacheles) are similar morphologically. Using morphological analysis, this study also revealed
cryptic speciation from three geographically separated sites, Boesmansgat cave, Potchefstroom
(North West) and Beaufort West. Due to the possession of round lobes on article 2 of pereopods 3
and 4, longer uropod 3 and slightly concave telson which are the dignostic features of S. basilobata
specimens from the latter sites were confirmed to be S. basilobata. Similar results of cryptic
species, where species are superficially similar morphologically, have been observed in chiltoniid
amphipods (Murphy et al. 2013). This was also the case for the problematic family of
Paramelitidae, where widely distributed taxa comprise cryptic species (Finston et al. 2004; 2007).
Using morphological keys, study’s current findings indicates that Sternophysinx comprises of
species with little morphological differences. This is true in S. filaris and S. calceola, in
Sterkfontein and Bakwena cave, S. alca and S. robertsi in Ficus and Peppercorn cave, and S
basiloaba complex in Boesmansgat cave and Beaufort West. looking at the morphological
similarities between. These results agree with that of King et al. (2022) where Nedsia Barnard &

Williams, 1995 comprised of morphological species.

The recent divergence hypothesis (Trontelj et al. 2009; Bravo et al. 2014; Egea et al. 2016) may
be the perfect explanation for the morphological similarities in S. basilobata. Therefore, we argue
that a dispersal or connection occurred million years ago, resulting in similar morphological
feature in S. basilobata in different lineages. Even the haplotype of S. basilobata complex clearly
indicates that this complex comprises of genetically different species with the North West species

still undergoing a mutation. Dispersal in a subterranean environment is a phenomenon that is by
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far difficult to explain. However, the observations of widely distributed amphipods species have
been explained by splitting landmasses, isolation, speciation and colonization of new environments
(Copilas-Ciocianu et al. 2014; 2015; 2017). S. basilobata, S. filaris and S. calceola are spread in
five provinces, Northern Cape, Western Cape, Limpopo, North West and Gauteng province.
However, S. basilobata is found to be more genetically diverse, comprising five species, two

occurring in Boesmansgat cave, two in Beaufort West and one in Potchefstroom.
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Molecular relationship between Sternophysinx representatives:

In addition to the seven known species i.e., S. alca, S. robertsi, S. filaris, S, calceala, S.
megacheles, S. transvaalensis and S. basilobata, the phylogenetic analysis also revealed the
inclusion of specimens from North West, Mkhambathi Natue Reserve, and Ntsikeni Nature
Reserve as new species. The latter results are also supported by the the three delimination methods
i.e, ASAP, ABGD and bPTP with specimens from Bakwena new also identified as a possible new
species. The 12S gene produced adequate results that supports the inclusion of 7 putative species
with ABGD and bPTP showing similar results. This study has shown that the Boesmansgat cave,
North West, and Beaufort West population identified as S. basilobata is a highly divergent species
that forms distinct lineages and is a species complex. However, even though the latter specimens
are morphological similar or identified as one species this study has shown that these species are
not close relatives. Similary, Copilas-Ciocianu et al. (2018) findings on two morphologically
similar species N. hrabei and N. valachicus revealed they these species are not closely related and
have invaded the surface water systems at different times. Similar to this study’s findings, the wide
distributed European amphipod species Gammarus balcanicus Schéferna, 1923 has been reported
to comprise of cryptic species that occur Balkan Peninsula and the eastern Alps (Copilas-Ciocianu

& Petrusek, 2016).

South African subterranean amphipods have been understudied and with no literature on the
molecular data. This study has revealed that South African subterranean amphipods comprise of
hidden diversity due to morphological similarities. Following the molecular analysis, it is clear
that Boesmansgat cave house three species and these findings highlights the importance of
incorporating molecular analysis in taxonomy. This study has consequently noticed that species
that occur in the same geographic region forms a cluster, with exception to Clade III and IV. The
latter clades are rather difficult to explain genetically yet the delimitation methods do show that
they represent different species. Interestingly, the 12S mtDNA haplotypes of the S. basilobata
complex shows mutations between different haplotype. For instance, the North West complex
share mutation between species from Gauteng Province. This is not a surprise as studies have
shown that the Gauteng and North West have the same rock form, meaning that species in these

two provinces may have been separated for years and are still undergoing a mutation.
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Integrative taxonomy:

Past taxonomic studies have been based solely on morphological characters which has led to many
species been either under identified or over identified. Nevertheless, when some populations
evolve to different species, especially in subterranean habitat, new species tend to superficially
look like other species (Trontelj et al. 2009). This makes it nearly impossible to morphologically
distinguish new species from the existing one leading in species not being identified (Guzik et al.
2011; Abrams et al. 2012). However, integrating the morphological identification with molecular
analysis has proven efficient in identifying new morphologically identical species (Weiss et al.
2014; Katouzian et al. 2016). For years, the South African subterranean amphipod taxon has been
identified morphological with no molecular analysis to back up the morphological identification.
As observed in many studies, subterranean amphipods comprise of cryptic species and integrated
methods has improved the taxonomy of many understudied taxa (Murphy et al. 2013; King et al.
2022). The genus Nedsia has suffered the same fate as Sternophysinx thus has been known to
comprise of narrow endemics occurring in the subterreanen habitat in the Barrow Island and the
North West Cape peninsula (Halse et al. 2014). However, incorporating the molecular data with
morphological character has improved the taxonomic and distributional understanding of the genus
Nedsia (King et al. 2022). This study has out detailed taxonomic and molecular genetic studies of

the family Sternophysingidae and identified 7 putative species.

52



Conclusion and recommendation:

Currently, this project has shown that Sternophysinx is widely distributed in the with three species
showing cryptic speciation i.e, S. basilobata, S. alca and S. filaris. Consequently, two new species
have been identified from Bakwena and Sterkfontein and this indicates that new taxonomic keys
are needed. This project will still aim to get CO1 data, in order to get definitive confirmation of
the taxonomic status of these taxa, including using a minimum 3-5 specimens per site or putative
taxon, and add 16S and 28S for close inspection and confirmation of the phylogenic relationship
between these taxa. Even though this was not part of this study’s aim, phylogeography is an
important aspect that is worth exploring as Sternophysinx has shown a very interesting distribution
and knowing it origin and exploring if is there a connection between sites. However, the
distribution of clade IV of specimens from Hogsback, Makhambathi Nature Resrve, Graaf-Reinet,
Ficus and Peppercon cave remain unresolved and morphological analysis is needed confirm if

these specimens are same species or different species.
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CHAPTER 3

The impact of an introduced koi fish on endemic subterranean amphipod species, a case

study of the Boesmansgat cave, Northern Cape South Africa
3.1 Introduction

Boesmansgat cave is a submerged freshwater cave with two co-occurring endemic subterranean
amphipod species, i.e., Sternophysinx megacheles and S. basilobata. In the early 2010s, the
property owner introduced several koi fish individuals to control the sporadic floating duckweed,
Lemna sp., which covered the water surface. However, the impact of the introduced koi fish on

local aquatic invertebrate species, especially the endemic subterranean amphipods, is unknown.

Lemna sp., commonly known as duckweed, is a monocotyledonous macrophyte that belongs to
the family Lemnaceae. Duckweed is regarded as an opportunistic free-floating macrophyte with
oval-shaped leaves and tiny roots with a 1 cm length (Haustein et al. 1990; Ceschin et al. 2018).
This aquatic macrophyte occurs in still or slow-flowing water bodies, and has been used as food
for fish, bioethanol production and wastewater treatment in countries such as Asia; United States,
Italy and South Africa (Zirschky & Reed 1988; Azim & Wahab 2003; Pindihama et al. 2011; Yan
et al. 2013; Gusain & Suthar 2017; Oyawoye 2017). However, certain species of Lemna., such as
L. minuta and L. minor, have been declared invasive species, especially in European countries i.e.,
Italy, Germany, Hungary, Ireland and Belgium (Celesti-Grapow et al. 2009; Njambuya et al.
2011). In its invaded range, Lemna sp. form dense mats that deprive aquatic organism’s oxygen,
sunlight thus disrupting ecosystems processing that leads to replacement of some native aquatic
plants (Janes et al. 1996; Ceschin et al. 2016). In South Africa, duckweed is not well studied, and
its impact on native species is not well known. However, because of its protein-rich and rapid
growth, duckweed has been exploited as food for livestock such as chickens and pigs (Marizvikuru

& Francisca 2013; Gwaze & Mwale 2015).

Herbivorous biological control agents such as invertebrates, plant pathogens and fish have been
introduced control duckweed in freshwater systems (Dudley et al. 1981; Mariani et al. 2020; 2021).

Fish species of the family Cyprinidae and Cichliformes have been successfully used as biological
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control agents of nuisance and opportunistic macrophytes, i.e., duckweed. However, this
phenomenon it is still debatable in South Africa whether duckweed is a threat to aquatic
biodiversity or just an opportunistic cosmopolitan plant. South Africa has limited records of
introduction fish species on subterranean environment, and we know less of about the fish
introduction impact on subterranean aquatic species (Irish & Marais 2002; Du Preez 2014). Using
stable nitrogen and carbon isotope ratios, we aim to investigate the impact of the introduced fish

on the two co-occurring endemic amphipod species.
3.2 Fish species in subterranean environments

The occurrence of fish in subterranean habitats is a very intriguing observation, given that this
habitat is highly restricted and arguably geographically isolated and undergoes strong selection
pressure (Trajano 2001; Gibert & Deharveng 2002). Subterranean fish can be found in over 34
countries, with China being one country with 124 described subterranean species (Proudlove 2010;
Niemiller et al. 2019). Proudlove (2010) argues that of the 12 000 described freshwater fish, over
1000 species may occur in subterranean habitats, but only 247 fish species are known and recorded
in this habitat. South America has about 34 known subterranean fishes, with Brazil having more
diversity of described species. The subterranean fish population of Brazil is dominated by the order
Siluriformes (Cuvier, 1817), in which catfish predominate (Niemiller et al. 2019). About 26
described subterranean fishes occur in Mexico and the United States. Australia hosts four
described subterranean fish species, with Europe being the least diverse and only two known
species. Africa comprises eight described subterranean fish, with four species known to occur in
Madagascar, only one species in Namibia and three in Somalia (Proudlove 2010; Niemiller et al.
2019) and none in South Africa. Clarias cavernicola (Trewavas, 1936), is one of the Namibian
most threatened and highly endemic subterranean fish species declared critically endangered. A
survey by Jacobs et al. (2021) further confirmed that C. cavernicola populations have declined,
necessitating conservation intervention. Even though subterranean realms are considered extreme
and restricted habitats, some species, such as nematodes, spiders, amphipods, and fish, have been
intentionally or accidentally introduced into this habitat (Gray & Thompson 2001; Du Preez 2014;
Culver & Pipan 2015).
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3.3 Invasion in subterranean environments

Invasive alien species are a global problem in both aquatic and terrestrial environments. Alien
species are highly destructive to their novel environment and have the ability to out-competing
native species, introduce diseases, compete for resource and alter important ecosystem structure
and processes (MacNeil et al. 1999; Havird et al. 2013). Fish invasions have been well documented
globally, for instance, North America has the most invasive fish species, followed by Asia, Europe,
South America, and Africa, with Australia having the least invasive fish species (Elvira &
Almoddévar 2001; Grabowska et al. 2010; Sultana & Hashim 2015; Xia et al. 2019). However,
invasive species become even more complicated and ecologically damaging when they occur in
the subterranean environment due to habitat fragmentation which restricts movement. As such,

rare and endemic subterranean populations are subjected to high risk of extinction.

Similar to terrestrial and aquatic environments, alien invasive have an impact on many
subterranean habitats and biodiversity (Jacobs et al. 2021). Although this topic has yet to be fully
explored and quantified, the limited evidence observed and borrowing from other environments,
local species may be on the verge of extinction. For example, Dikerogammarus villosus, also called
killer shrimp, is native to Ukraine surface water systems and, due to its competitive ability, it has
invaded significant parts of western Europe (Pinkster et al. 1992; Nesemann et al. 1995; Mayer et
al. 2008). The killer shrimp has an incredible adaptation ability, being able to invade freshwater
and brackish water bodies and replace major omnivorous invertebrate species from their functional
role (Bij de Vaate & Klink 1995; Dick & Platvoet 2000; Van der Velde et al. 2000). Van der Velde
et al. (2000), Boets et al. (2010) and Warren et al. (2021) reported that killer shrimp has
successfully replaced native species in their alien range leading to reduced aquatic biodiversity.
Killer shrimp is a classic example that explains the impact of invasive species on natives, and the
assumption is that the impact might be more severe, especially in subterranean environment. The
Faxonius neglectus (Faxon, 1885), also known as ringed crayfish, is an invasive species native to
North America that occurs in lentic water systems. Ringed crayfish has invaded the United States,
New York, Missouri and Oregon cave systems. In the Tumbling Creek Cave, the ringed crayfish
is declared a threat to the native Antrobia culveri, tumbling creek cavesnail (Hubricht, 1971).
Mouser et al. (2018) evaluated the population demographics and morphological characteristics of

F. neglectus in Missouri cave, where they found that the crayfish populations had a larger in body
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size and lived longer than those in the surface water system. This study showed that when surface
species such as the ringed crayfish are introduced in caves, they have a great ability of adapting to

the cave systems and might have a detrimental impact on endemic species.

Australia, Africa, South America, and Asia have recorded several introduced fish species in the
subterranean environments, mainly the Cypriniformes and Siluriformes (Irish & Maris 2002;
Proudlove 2010; Jacobs et al. 2021). Within the alien range, both families have successfully
invaded the subterranean environment, out-competed native species and altered native species
populations (Proudlove 2010; Jacobs et al. 2021). Meanwhile, in South Africa we know less about
the impact of introduced species in cave systems. As such, there is a need to investigate and
quantify the impact of introduced fish species in these habitats to inform conservation of specialist

subterreanean species.

However, we know more about the introduction of alien fish species in freshwater habitats,
especially the koi fish, which has been recorded worldwide (David et al. 2004; Koehn 2004). Koi
fish (Cyprinidae) are brightly coloured domesticated Japanese breeds that have been introduced
and established in many countries for ornamental purposes (Balon 1995; Pinder et al. 2005; Liu et
al. 2015). Cyprinus carpio L (Linnaeus, 1758) and Pseudorasbora parva (Temminck & Schlegel,
1846) are the most invasive members of the cyprinids and have been recorded in freshwater
systems in high abundance, disrupting native aquatic species (Gozlan et al. 2005). Contrarily, in
Europe and Asia, koi fish are of commercial importance as food source through the aquaculture

(David et al. 2004).

Koi fish have incredible traits and adaptation abilities that enable them to survive in poor water
quality environments, strive in different climatic zones outside of their native range and have
extended survival periods (Gehrke & Harris 2001; Miller & Crowl 2006; Stuart & Jones 2006).
Continents such as South America, Europe, Asia, Africa, Australia and Oceania have been invaded
by koi fish, and their impact on indigenous biodiversity differs between species. For instance, the
European common carp are widely spread in Australia and Brazil. These fish species disrupt the
habitat by introducing parasitic diseases to which native species are susceptible, causing trophic
cascades in invaded systems and sequentially promoting their population (Koehn et al. 2000; Stuart

& Jones 2006). On the other hand, Pseudorasbora parva (Temminck & Schlegel, 1846) is a small

58



koi fish native to Asia and has invaded many regions, especially Europe (Gozlan et al. 2005).
Britton et al. (2010) compared the feeding habits of four invasive cyprinids species P. parva, C.
carpio, Rutilus rutilus (Linnaeus 1758), Scardinius erythrophthalmus (Linnaeus, 1758) and the
ecological impact they have on native fish species. The study revealed that P. parva caused a
trophic position shift in S. erythrophthalmus and native fish species, providing more evidence that
P. parva is an aggressive pest species that can out-compete native and other invasive species as

previously shown by Welcomme (1992).

South Africa is one of the African countries with no native subterranean fish, yet fish species have
been recorded in subterranean habitats (Bichuette & Trajano 2010; Proudlove 2010). Irish & Maris
(2002) reported Clarias gariepensis (Burchell, 1822) in The Eye of Kuruman cave in the Northern
Cape. Clarias gariepensis is a surface-water fish native to South African river systems and a
member of the Clariidae family and can survive in the subterranean environment for an extended
period (Irish & Maris 2002; Bichuette & Trajano 2010). The fish species have been introduced to
subterranean habitats in African countries such as Namibia and South Africa (Bichuette & Trajano
2010; Du Preez 2014). The introduction of C. gariepensis in African aquifers has led to
biodiversity loss for native species such as C. cavernicola (Trewavas, 1936) in Namibia. Clarias
gariepensis has been further recorded in the Wonderfontein Cave in Gauteng province, however,
its ecological impacts on subterranean environment and local aquatic invertebrates are unknown
(Du Preez 2014). This calls for comprehensive investigation of subterranean biology and their

related threats.
3.4 Methods to quantify impacts of introduced species

Alien invasive fish species and their associated predatory behaviour has been considered to have
a significant impact on native species. Traditionally, researchers have used gut content analysis to
investigate alien fish species diet preference and composition (McKinney 2006; Gozlan et al.
2010). Data on feeding ecology can help us predict changes in food chains and ecosystem energy
transfers. It can also help understand the interactions between predators and prey. However, the
disadvantage of gut content analysis is that prey remains are usually in small pieces and not easy
to identify, except in cases of sclerotized body features (i.e., head, part of the legs and elytra for

water beetles) that have been used for identification. As a result, it is necessary to complement the
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gut content with other comprehensive and reliable methods, such as DNA barcoding and stables

isotope analysis.

Stable isotopes have been widely used in ecological studies to investigate the feeding behaviour
of predators, particularly fish species (Jepsen & Winemiller 2002; Davis et al. 2012). The isotopic
ratios are the numerical interpretation of nature's biological and chemical processes where
producers use isotopic elements and then transfer them to consumers and further higher up in the
food chain (Gannes et al. 1997). Stable nitrogen (5'°N) and carbon (§'3C) isotopes are the overall
ratios of heavy and light isotopes from the source to the sink (i.e., producers to consumers). The
isotopic elements provide essential insights into trophic relationships between species (Gannes et
al. 1997; Post 2002; Layman et al. 2012), and this make it possible provide an in-depth
understanding of alien species ecological impact to freshwater ecosystems structure and processes

(Caut et al. 2006; Hill et al. 2015; Taylor et al. 2019).

3.4.1 The impact of preservation methods used for stable isotopes biological material
Over the years, stable isotopes have become a popular and accurate tool used to study the trophic

levels in species. Moreover, the efficacy of this method is limited by the preservation methods of
the samples or biological materials employed in the field (Boecklen et al. 2011). Numerous studies
have investigated the impact of various preservation methods of stable isotopes, with some
literature still debating the use of certain methods (Barrow et al. 2008). Stable isotope preservation
methods include freezing, ethanol, salt, drying, and formalin. Methods such as freezing (which
includes putting the samples in ice), salting (involves dissecting and subjecting the sample to salt,
which slows the rotting effect), and drying (consists of removing the sample's fluids by dissecting
and using air) are in some cases not options to practice in the field and alternative methods are
needed in such instances (Carabel et al. 2009). Ethanol and formalin preservation methods are the
most commonly employed methods in the field (Von Endt 1994). However, the latter methods
have been investigated to have a negative impact on the §'*C and §'°N values. For instance, a study
that investigated the isotopic ratios of §'*C and §'°N in two different ant species used ethanol to
preserve specimens in an attempt to answer the question that most researchers have: thus, can
ethanol be used to store samples for isotopic research? This study found that samples stored in

ethanol can be used to measure the isotopic ratio of 615N (Kiszka 2014).
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Consequently, a study that compared ethanol and frozen preserved fish samples for stable isotope
analysis has found that ethanol increases the 3'>C isotopic ratios while §'°N was much smaller than
that were stored in ice (Vizza et al. 2013). This study also shows that the isotopic ratios of §'3C
were influenced mainly by the storage time, thus two to six months with §!°N having a small
change correlated with storage time. Similarly, numerous studies have shown that biological
material stored in ethanol has conflicting results, with some studies showing that ethanol has no
significant impact on the §'°C and §"°N ratios (Barrow et al. 2008). Studies that agree with the
latter have incorporated storage time, and washing or cleaning the biological material with distilled
water reduced the impact of ethanol on §'*C and §'°N ratios (Stephenson & Riley 1995; Sarakinos
et al. 2002). This study reports the '*C and §'°N ratios from biological material stored in 70%
ethanol for a week. The second mechanism is uptake of the preservative into the tissue. Both
preservatives are carbon-based chemicals with characteristic 813C signatures. Once preserved
samples are immersed, their signature may shift toward that of the preservative (Hobson et al.
1997; Gloutney and Hobson 1998; Bosley and Wainright 1999; Ponsard and Amlou 1999). In our
experiment, 613C in both fish and aquatic invertebrates (—27 to —28%o) shifted toward that of the
formalin medium (—32%o) following fixation (Fig. 1b). No such shift was evi- dent for EtOH.

During an investigation to re-evaluate the taxonomy of subterranean amphipods from the genus
Sternophysinx and understand their distribution in Boesmansgat cave Northern Cape province
South Africa (see Chapter 2, pages 17-37), we observed the presence of koi fish species that have
been introduced. Boesmansgat cave is a type locality of two subterranean amphipods species S.
megacheles and S. basilobata with S. megacheles only endemic to this cave. Both species were
difficult to collect as compared to other species from different sites and after several collection
attempts, including leaving a baited zooplankton net over-night, it was observed that both species
were most likely occupying deeper depths of the subterranean system (~30 and ~40 meters
respectively) below the water surface making sampling challenging. With the presence of
introduced koi fish individuals, this chapter was aimed to investigate if the presence of the
introduced koi fish was responsible (predation) for the amphipod distribution. It was hypothesized
that the koi fish was preying on both co-occurring amphipods and other aquatic macroinvertebrates
and further altered the behaviour and abundance of S. megacheles and S. basilobata to avoid

predation.

61



3.5 Materials and methods

3.5.1 Study site
Boesmansgat cave (27°55'18"S, 23°38'30"E), also known as Bushman cave in Northern Cape,
Province, South Africa. Detailed cave description and amphipod collection method are explained

in Chapter 2, page 41.
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3.6 Additional data collection

3.6.1 Water chemistry

Physicochemical parameters such as pH, conductivity (EC: uS), water temperature (°C) and
dissolved oxygen concentration (DO: mg/l) were measured (n=3), per 1 metre depth (from 1 — 20
metres depth) using a water-chemistry multi-parameter (PCSTestr 35) and a DO Pen (Sper
Scientific 850045) respectively. Additionally, three replicate water samples (500 ml), per 1 metre
depth (from 1 — 20 metres depth) were collected to measure the water nutrients concentrations,
including nitrogen (NO3 mg/l), phosphate (PO4 mg/l) and ammonium (NH4" mg/1) using Hanna
Bench Photometer for Aquaculture— (HI83203-01) (range 0.0-30.0 mg/1).

3.6.2 Biological samples

3.6.2.1 Gut content samples and analysis

To investigate the koi fish diet composition gut content analysis was used. One koi fish individual
was collected using diving spearfishing technique at around 50 metres. The individual koi fish
specimen was immediately dissected to remove the internal organs, including the intestines and
the stomach. These organs were kept in ice until they reached the laboratory for further analysis.
The gut content analysis in interval of 30 mm, and was based only on the number of taxa (N) of
prey found in the gut. All the contents within the 30 mm, were carefully transferred onto a petri
dish and analyzed under a stereomicroscope were remains (i.e., legs, heads, wings and antennae

parts) were identified to order or family level.
3.6.2.2 Stable isotope analysis

Aquatic organisms including primary producers (i.e., phytoplankton, periphyton, floating and
submerged macrophytes and organic matter) and consumers (aquatic macroinvertebrates and
vertebrates, frogs and koi fish) samples were collected using variance methods i.e., by hand and
30 x 30 cm square frame net with | mm mesh size aquatic hand net were used for carbon (5'°C)
and nitrogen (5'*N) stable isotope analysis. The specimens were transferred into a collecting jar
containing 70% ethanol (accept phytoplankton, periphyton and aquatic plants) and later identified

in the laboratory.
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Aquatic macroinvertebrates were identified to the lowest possible taxonomic level (Sub-Family or
genus) using a stereomicroscope and Southern Africa Guides to Freshwater Invertebrates (Day et
al. 2002; Day et al. 2002; 2003; de Moor et al. 2003b). Aquatic macrophytes and vertebrates, i.e.,
frogs and koi fish, on the other hand, were identified using Freshwater Fishes of Southern Africa
(Skelton 2001), a guide to the frogs of Southern Africa (Du Preez & Carruthers 2009) and a guide
to the Invasive Alien Plants in South Africa (Henderson 2001). Water samples (250 ml) were
collected at each depth, and vacuum filtered through the Whatman Glass microfibre filter (GFFs)
papers (GFFs, 0.7-micron pore, 47 mm diameter), using a vacuum pump (Instruvac® Rocker 300)
at 20 kilopascals (kPa), and the resulting samples were used for phytoplankton. Additional,
periphyton biofilm on all available submerged structures i.e., stones and aquatic plants, was
scrapped off using a new toothbrush using a white tray with 500 ml distilled water. The resulting
500 ml integrated periphyton sample was divided into three sub-samples of 150 ml each and

vacuum filtered onto GFFs.

For each taxon (i.e., aquatic macroinvertebrates, macrophytes, frogs and fish), three replicates of
tissue samples for each individual and taxa with sufficient biomass were oven dried for 72 hrs at
50°C. This comprised a whole specimen of aquatic invertebrates, both stems and leaves for
macrophytes, toes for frogs and muscle tissue for the fish samples, all in triplicates. The dried
plants and animal tissues were thereafter ground into fine powered using a mortal and pestle and
the remaining coarse/fine powder was weighed into aluminium tin capsules, which was about 0.5
— 0.7 mg for plants and 1.0 — 1.2 for animal tissues. All samples including phytoplankton and
periphyton GFFs filters were sent for §'°C and 8'°N isotope analysis using a Flash EA 1112 Series
coupled to a Delta V Plus stable light isotope ratio mass spectrometer via a Con-Flo IV system at

the Stable Isotope Facility, University of Pretoria, South Africa.
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3.7 Data analysis

All statistical analyses were performed using R version 3.6.1 (R Core Team, 2019). To test for
significant differences in water chemistry parameters (i.e., pH, EC, water temperature, DO, NO3",
PO+* and NH4") and depth. The Shapiro-Wilk test for normality was used, and all parameters were
not normally distributed (P<0.05) except for DO. Thus, a non-parametric test, Kruskal-Wallis was

used to investigate differences between the water chemistry parameters.

Stable isotope mixture models also called mixing models are commonly used to evaluate the
contribution of species diet sources through their tissue. In this study fish diet was evaluated using
the mixing models which quantified the proportional contribution of sources in Boesmansgat cave.
The carbon (5!C) and nitrogen (8'°N) isotope signatures were used to investigate the importance
of macroinvertebrates specifically, the two amphipod species occurring in Boesmansgat cave to
the fish diet. The Bayesian mixing models used in this study included SIAR and MixSIAR (Parnell
et al. 2010; Stock & Semmens 2013). Simmr is a SIAR Bayesian model package was used to
investigate the source portion for stable isotope analysis. The simmr was run to investigate the
mean signature of §'°C and 8'°N values at different feeding levels. The Bayesian stable-isotope
mixing model MixSIAR (Stock & Semmens 2016) was used to investigate the feeding composition
of the koi fish. To investigate the trophic position, species were grouped into four groups: group 1
included all the primary producers, group 2 represented consumers, group 3 omnivores and group
4 represented predators. The Bayesian mixing models SIBER and simmr were used to examine
the trophic position of the species, and an isospace was constructed. The simmr graphs were
constructed with the Bayesian framework in the R (SIBER) model to verify the food web of the
cave system and the feeding habits of the koi fish.
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3.8 Results
3.8.1 Water chemistry

Using Shapiro-Wilk test no significant was found difference between water chemistry parameters
and depth for pH (H = 5.6, P = 0.4695), EC (H = 7.9673, P = 0.2405), water temperature (H =
11.346, P =0.07827), DO (H=10.513, P = 0.1047), NOs (H = 3.5276, P = 0.7403), PO+* (H =
5.4097, P=0.4924), and NHs" (H=8.259, P =0.2197) (Table 3.1) Using one-way Kruskal Wallis,
significant differences were obtained for Temp, DO and NH4* between the different depths (p <
0.05) (Table 3.2). For water temperature, the significance was found between depths 1m and 10m,
Im and 15m (p < 0.05). For DO, significance was obtained only between 1m and 20m (p < 0.05),
and for NHa * the significance was between a depth of Sm and 20m (p < 0.05).
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Table 3.1: Average + standard deviation (SD), F-value and P-value obtained from the Kruskal test between the water chemistry

parameters collected from 1m to 20m depths. Kruskal test was used to test for significant differences between different depths.

Water chemistry Mean and standard deviation Kruskal Wallis stats
parameters
Im Sm 10m 15m 20m F-value DF P-value
pH 7,75 (£0,12) 7,71 (£0,15) 7,47 (£0) 7,7 (£0) 7,44 (£0,32) 1.27 10/4 >0.05
EC (nS/cm) 391 (£10,58) 259,9 (£218,5) 386,3 (£2,9) 396 (£0) 390 (£7,8) 1.32 10/4 >0.05
Water 22,90(x0,2) 17,19(£8,27) 21,23(£0.05) 21,2(%0,1) 21,37(x0,21) 16.26 10/4 <0.05
temperature (°C)

DO (mgL) 2,47(x£0,15) 4,32(£2,97) 2.3(£0.3) 1,73(=0,31) 1,43(+0,15) 6.34 10/4 <0.05
NOs. (mg/L) 1,50(=1,13) 3,89(£3,32) 1.47(%1.40) 0,37(x0,56) 4,67(£4,51) 0.87 10/4 >0.05
PO+ (mg/L) 12,80(x11,20) 5,85(£3,34) 7.63(£9.77) 6,7(%6,80) 3,8(%6,58) 0.69 10/4 >0.05
NH.4"(mg/L) 0,24(+0,15) 3,53(£3,61) 0.26(+0.38) 0,49(x0,44) 0,07(+0,06) 4.22 10/4 <0.05
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3.8.2 Sweep and gut content

Comparing sweep and gut contents analyses yielded different and yet interesting results (see Table
3.2). The gut content comprises of prey items that have been recently assimilated with small
unidentifiable prey items found. The gut content analysis showed two dominant aquatic taxa
remains, which included Hydrophilinae and Donaccinae, with Hydrophilinae being the most
abundant prey (Table 3.2). All the prey items in the gut were small hard exteriors such as legs,
heads, elytra, and antennae. Furthermore, since the gut contents analyses solely relays on
assimilated prey items, most on the prey items with soft tissues such as bugs and macrophytes are

difficult to identify with the gut content in the intestines having completely digested items.

The results from sweep provided a more powerful insights of the trophic relations in the
Boesmangat cave ecosystem. Sternophysinx basilobata (amphipods), Hydrophilinae/ Donaccinae
(beetles), Pleidae (bugs), Lemna sp. (macrophytes), Glossophoniidae (leeches), and Pipidae (frogs
and their juvilles) were collected and identified from the sweeping methods. Of these collected
species bugs and leeches were more abundant than other species with 224 and 110 individuals
collected respectively. Species such as frogs and amphipods were found in depths of 10m and 30

m explaining their scarcity in the system.
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Table 3.2: The koi fish gut content prey items identified to either a family or genus level and the number of individual taxa identified

compared to the macroinvertebrate species identified in sweeps in the Boesmansgat cave.

Family Genus/Species Sweeps Gut content
Taxa abundances Count of remains
Glossophoniidae I 10 _
Glossophoniidae II 9 _
Glossophoniidae 11 110 _
Hydrophilinae Laccobius I 8 _
Hydrophilinae Laccobius II 4 _
Hydrophilinae Laccobius 111 _ 99
Hydrophilidae Helochares 3 _
Hydrophilidae larvae _ 1 _
Chironominae _ 6 _
Pleidae _ 224 _
Pipidae Platanna sp. 1 _
Sternophysingidae Sternophysinx basilobata 3 _
Orthocladiinae _ 3 _
Donaccinae B _ 36
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3.8.3 Stable isotopes analysis
Table 3.3 Revealed that the koi fish in the Boesmansgat cave was omnivorous and primarily fed

on aquatic beetles, bugs, amphipods, leeches, frogs and tadpoles. The stable isotope analysis shows
that the Boesmansgate cave is fueled by phytoplankton and organic matter with §'°C values
ranging between 30%o and 20%o. Aquatic plants had the lowest §°C value of -30%0 with
periphyton having the highest 8'°C values ranging between -15%o and -10%o, implying that the
periphyton is an essential carbon source for species that occupy the low trophic position (Figure
3.1). Organic matter appears to be the primary §'>C source for midges, bugs, beetles, fish, tadpoles
and frogs. The koi fish, phytoplankton, tadpoles, frogs, bugs, beetles, organic matter and midges
had similar 8'°C values ranging from ~24%o to ~17.5%o. Leeches and amphipods were more
enriched with 8'°N values ranging from ~15.2%o to 17.1%o (Figure3.1). This studyis results have
also revealed that aquatic plants had high §'3C values (-26.61% 1.417%o), followed by organic
matter (-25.34+ 0.085%o), beetles (-23.47+ 1.854%0) and midges (-23.32+ 4.749%0) with
periphyton having the least §'°C values (-12.36+ 1.651%o). High §'°N values were observed in
aquatic plants (14.62+0.964%o), with leeches and fish having similar §'°N values of 12.88+1.701%o
and12.37+0.273%o (Table 3.3). However, organic matter and phytoplankton had the least §'°N
values of 3.976+2.194%o and 4.593+1.578%o respectively.

The i1sotopic niche and carbon range for group 1 (phytoplankton, periphyton and aquatic plants)
was larger than that of other groups, suggesting that group 1 served as the basal resources of the
Boesmangat cave system and provided energy subsidies to higher trophic levels (group 2, 3 and
4) as expected (Figure. 3.2). Majority of the groups (1, 2 and 3) showed the similar 8'°N range,
indicating that they were feeding in the same or similar trophic level, however their §'°C range
was variable, indicating variable energy resources subsidies values (Fig.3.2). Group 4 (frogs and
koi fish) had the narrowest §'*C range but larger 3'°N values indicating a possibility of specialized

feeding and holding the highest trophic feeding position as it was expected.
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Table 3.3: The mean and standard deviation of $'*C and §'°N isotope signatures (Mean + SD) showing the prey item proportion

consumered by the koi fish in the Boesmansgat cave.

Taxa

Species name

314C (Mean + SD)

315N (Mean £ SD)

Phytoplankton

Periphyton

Aquatic Plants

Organic Matter

Amphipoda

Tadpole
Midge

Leech
Beetles

Bugs

Lemna spp.

S. basilobata

Platanna sp.

Glossophoniidae

Helochares/ Laccobius

Pleidae
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~19.89( 1.158)

“12.36(% 1.651)

26.61(+ 1.417)

-25.34(+ 0.085)

_19.42(£ 0.72)

222.43(+3.099)
-23.32(% 4.749)

~19.53(+ 1.398)
23.47(+ 1.854)

21.97(+0.128)

4.593(£1.578)

7.155(£0.371)

14.62(£0.964)

3.976(+2.194)

10.64(=0.190)

8.11(x1.389)
5.477(0.79)

12.88(x1.701)
6.327(+2.053)

6.063(20.323)



Frog Platanna sp. -21.95(+ 2.79) 7.975(+1.257)

Fish ‘ Cyprinidae 122.64(0.323) 12.37(£0.273)
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Figure 3.1: Stable isotope biplot of macroinvertebrates, koi fish species and amphibians occurring in the Boesmansgat cave. The isoplot

only shows the mean values
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Figure 3. 2: A bi-plot graph showing the food web of the Boesmansgat cave with Group 1 presenting primary producers, Group 2 presenting

consumers, Group 3 presenting omnivores and Group 4 predators
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The mixing model density distribution plots estimate the importance of each prey item to the fish
diet (Figure 3.3; Figure 3.4). Periphytons, followed by phytoplanktons, are narrowly distributed
food sources ranging from ~0.00-25% and ~0.00-26%. This means that periphytons and
phytoplanktons are the least preferred food source for the koi fish diet. Additionally, organic
matter, beetles, leeches, tadpoles and frogs have high prey proportions ranging from ~0.00-40%.
The latter prey items were important prey sources to the fish diet. Consequently, midges,
amphipods and bugs had similar distributions to the fish diet, thus indicating the koi fish also
preferred the latter food sources contributing between ~0.00-34% to the fish diet.

75



Figure 3.3: The figure shows the prior and posterior probability distributions of the contributions of all food sources to the koi fish diet.
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Figure 3.4: Show the koi fish food sources in densities and proportions, where amphipods were part of their preference.
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3.9. Discussion

Describing the diet of fish species in an introduced environment and quantifying their impact on
native species will further our understanding of the ecological impact of introduced species. Stable
isotopes and gut content analyses agree with the hypothesis that the koi fish fed on the two endemic
amphipod species and other aquatic invertebrates and thus could have alter the behaviour and the
habitat preference of the amphipods although this assumption still needs to be further tested. These
results further indicate that the two endemic amphipod species are under threat by the introduction
of exotic fish in their subterranean environment and the possibility of extinction if conservation

actions are not implemented.

These results are in agreement with studies by Bouffard & Hanson (1997), Zimmer et al. (2001,
2002) and Anteau & Afton (2004), that amphipods are negatively impacted by the presence of fish
species in their habitat. For example, in the lakes and wetlands of the Midwest, the decline in the
diversity of two amphipod species Gammarus lacustris Sars, 1863 and Hyalella aztecalakes were
negatively affected by the presence of Pimephales promelas (Rafinesque, 1820; MacNeil et al.
1999; Anteau & Afton 2006, 2008). Pseudorasbora parva has been reported to have a broader
macroinvertebrate preference, thus feeding on copepods, amphipods, ostracods, and cladocerans
(Czerniejewski et al. 2019). However, most reports investigating alien fish species impacts on local
invertebrates have been conducted in surface water systems. Interestingly, using integrative
methods (i.e., gut content and stable isotope analysis), this study reported a similar feeding habit

1n a subterranean habitat.

One interesting observation from this study was that the two co-occurring amphipods species differ
in their body size and abundance, while also occupying deeper depths of around 30-40 meters,
which was different from all the other species collected from different sites (see Chapter 2,
methods). Sternophysinx megacheles was smaller in body size (16mm) and as compared to the
large-sized S. basilobata (26 mm), which contradicts the work of Griffiths & Stewart (1996) and
Griffiths (1991). Furthermore, S. megacheles was less abundant than the S. basilobata, with 1 and
6 specimens collected respectively. The latter indicates that any further impact inflicted by the
alien koi fish species might lead to the extinction of S. megacheles in the future if no action is

taken.
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Studies have shown that species of Cyprinidae are omnivores feeding on plants and animals. For
example, C. carpio var. specularis is one fish species investigated as an omnivorous feeder
(Manon & Hossain 2011). Similarly, this study found that the koi fish in Boesmansgat cave is
omnivorous. Muchlisin's et al. (2015) study has yielded similar results where Tor tambra
(Valenciennes, 1842) was an omnivorous feeder that mostly prefers green algae and earthworms.
Invertebrates have been reported to be an essential food source for some fish species and have
been observed in their fish gut contents. For instance, dipterans are an essential prey item for
Barbus species, and a study by Dadebo et al. (2013) has indicated that they constituted about 62.5%
of the fish diet. Like the current studies on cyprinids, the preferred food source of the koi fish in
the Boesmansgat cave comprises primarily invertebrates such as beetles, bugs, leeches and frogs.
The high invertebrate preference of the koi fish in the present study might be due to the lack of
competition or lack of defense and limited dispersal for the invertebrates. Additionally,
subterranean habitats have simple food webs dominated by invertebrates, thus the koi fish was

expected to alter the trophic structure and becoming the apex predator of the system.

The results from stable isotope analysis strongly suggest that the koi fish is the top predator feeding
on aquatic plants, invertebrates and amphibians. Furthermore, due to the preservation method used
the isotopic results might be overinterpreted, for example, this study has low values of §'*C.
However, studies have argued the use of ethanol for a week to not have significant effects of the
5'*C and §'°N (Barrow et al. 2008; Javornik et al. 2019). Other studies have favoured the use of
ethanol preservation due to its lipid dissolving property as lipids have been investigated to change
or have significant impact on the §'*C isotopic ratios (Tieszen et al. 1983). This study has also
shown increase 8'°N values. Kiszka et al. (2014), study compared freezing and ethanol storage
methods for §'*C and §'°N reported a —0.48 decrease in §!*C value from ethanol compared to the
frozen material. Nevertheless, both preservation methods thus, frozen and ethanol did not have a
significant impact on the 3!°N values. Such literature therefore supports these studies finding that
the fish species feeds on the aquatic inhabitants at the Boesmansgat cave. Species of the family
Cyprinidae are known for feeding on various food sources and can shift prey items (Gosline 1973;
Sibbing and Nagelkerke 2001). However, other species have been found feeding on specific food
sources, for instance, Adamek et al. (2003) study on carp (Cyprinus carpio L.) revealed a diet rich
in debris and detritus. Adamek et al. (2003) study also revealed a plant and animal feeding habit
observed in some fish species (Winkelmann et al. 2011; Shelton et al. 2016). These findings are
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consistent with Dadebo et al. (2013) results in that B. paludinosus fed on both plants and

invertebrates, with invertebrates and detritus more preferred at 86.3% and 93.5%.

Our study showed that gut content analysis did not observe food contents such as bugs, amphipods,
duckweed and frogs, but showed more beetles remains. These findings are similar to Shelton et al.
(2016) results that showed a high preference for invertebrates in the P. burchelli (Smith, 1841)
diet. The introduced species are likely to have a negative impact on native species due to a lack of
defense against the alien predator (Cox & Lima 2006). Winkelmann et al. (2011) study on the
effect of benthivorous fish on the invertebrate community using gut content showed a decline in
the density of Pisidium, Dugesia gonocephala, G. pulex and Limoniidae due to predation pressure.
A similar study compared the feeding behaviour and impact of carp and African catfish on the
invertebrate abundance, and the finding showed a decrease in invertebrates, periphyton, and
zooplankton in treatment with carp as compared to the treatment with catfish. Gut content analysis
of Rutilus rubilio and Leuciscus cephalus also showed a high invertebrate preference, with

Trichoptera larvae more abundant in the gut content (Shelton et al. 2016).

The gut content is a traditional method to investigate fish feeding behaviour (Sheppard et al. 2010;
McMahon & McCarthy 2016). Unfortunately, this method is limited and should be used in
collaboration with other sensitive and intergrative methods, such as stable isotopes. This study
observed this where prey items such as aquatic plants, midges, amphipods and leeches were not
observed in the stomach gut content. In the gut content, the beetle heads, legs, antennae and elytra
were the only identifiable body part. This might be because the tough exoskeleton is beetles that
take time to completely digest compared to the soft tissues of frogs, bugs, duckweed, leech and
amphipods which are soft bodied and need no hard exoskeleton like terrestrial insects. Gut content
analysis however, is known to have limits, thus stable isotopes was able to provide a
comprehensive prey preference and accounted for the misleading evidence of abundant beetles
remains in the gut content. As far as this investigation is concern, there is evidence that the koi fish
was omnivorous and opportunistically fed on aquatic producers (phytoplankton, periphyton and
aquatic plants) which require less energy to find. Studies have also reported that gut content is
inefficient in identifying prey items with soft tissues, and even the hard parts observed in the gut
content are difficult to identify (Clarke et al. 2005). For example, in this study, the only prey item

identified in the gut content was beetles. By comparing the results from the swept and stable
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isotopes, other prey items were identified. Clarke et al. (2005) had similar views or difficulties
regarding the stomach gut content where small prey items were not identified and concluded that
integrating stable isotopes and swept showed a broader feeding preference of fish species.
Incorporating carbon and nitrogen stable isotopes and swept techniques provide a better
understanding of the feeding habits of opportunistic feeders (Fisher et al. 2001). These integrated
methods have been used to investigate the diet composition of fish and crayfish (Hollows et al.
2002; Stenroth et al. 2006; Brush et al. 2012). The koi fish in this study showed destructive feeding
behaviour similar to that of exotic carp species more so in isolated and fragile subterranean

environment like the Boesmangat cave.

81



Chapter 4

General Discussion and Conclusion

Due to morphological similarities which does not account for cryptic species and speciation, there
have been uncertainties or inaccuracies in the systematic of most subterranean amphipod species
more so that they are understudied. In South Africa, this has not been evaluated, and there is a lack
of updated information about the taxonomy and distribution of subterranean amphipods. On the
other hand, subterranean habitat is under threat by increasing human activities (i.e., introduction
of exotic species), which may lead to the extinction of species that only occur in this habitat
(Marmonier et al. 2018; Di Lorenzo et al. 2019; Griebler et al. 2019). Subterranean amphipods
remain the least taxonomically studied taxon, with the available morphological keys not adequate
to resolve certain species. The morphological similarities between distant species and the complex
subterranean environment makes this subject even more challenging to study. However, in
developed continents such as Europe, South America and Australia, the cryptic species concept in
subterranean amphipods is well studied (FiSer & Zagmajster 2009; Westram et al. 2013). In
contrast, developing continents such as Africa have recently explored subterranean environments
but the biology is still the least studied and amphipoda are not different with limited literature
about their diversity and systematics. Hence, the present study was aimed to conduct a
morphological analysis using existing taxonomic keys together with molecular phylogenetic
analysis using mitochondrial 12S to study the subterranean amphipod family in great detail.
Additionally, this study further investigated threats of subterranean habitat by assessing the impact
of koi fish on subterranean aquatic macroinvertebrates in the Boesmansgat cave through gut

content and stable isotope analysis.

More than 20 years after the seminal work of Holsinger & Straskraba (1973), Griffiths (1981;
1991), Holsinger (1992) and Griffiths & Steward (1996), South African subterranean amphipods
have only been identified using morphological keys and have been reported to be restricted to few
locations. Compared to other published work on the hidden diversity of subterranean amphipods
and the use of DNA markers, the taxonomy and systematics of the South African subterranean
amphipods still needs to be improved. Chapter 2 of this thesis was aimed to assess the phylogenetic
relationship of the South African subterranean amphipod genus. This study is the first to

investigate the taxonomy subterranean genus Sternophysinx through integrative taxonomy. This
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study has morphologically identified two new species from Bakwena cave and Sterkfontein cave,

indicating the need to produce new taxonomic keys.

Further, results also found cryptic speciation in amphipod populations from Peppercorn cave,
Ficus cave, Bakwena cave and Sterkfontein cave. Cryptic speciation has been observed in co-
occurring species, which has been reported in other studies. In most cases, widely distributed
subterranean amphipods have been reported to be cryptic species or species complexes. This study
has shown that the morphological keys alone are not reliable to identify cryptic species and that
additionally analysis i.e., DNA barcoding is necessary. For instance, without the 12S rRNA data,
S. basilobata complexes could have remained unidentified as this species have been recorded in
two caves (Boesmansgat and Kolgelbeen cave) in the Northern Cape Province. Other studies have
also shown that morphological keys alone can not resolve a problematic taxon more especially
subterranean taxon. For example, Gouws (2004) study on widely distributed isopods species
revealed that South African isopods comprises of cryptic diversity. These results were only
obtained through the use of morphological keys and DNA genes, and presently new isopods
species have been identified thus improving taxonomic literature of the South African isopods. In
the present study, phylogenetic analysis revealed that S. basilobata is a species complex of three
genetically distinct species, and using molecular techniques three new species within this complex
have been identified. Stewart (2001) reported similar results where P. capensis and P. granulus
were regarded as widely distributed species, however the study later revealed that these species
are actually a complex of genetically different species. This study further adds to the growth of
literature that morphological identification alone is not sufficient to study underrepresented taxa

in freshwater ecosystems.

Chapter 3 was aimed to assess the impact of an introduced surface koi fish species on two co-
occurring and endemic subterranean amphipods in the Boesmansgat cave. This study has shown
that the introduced koi fish exhibit omnivorous feeding behaviour with a wide preference to
aquatic invertebrates including the endemic amphipod which is a conservation concern. For
example, Taylor et al. (2019) studied the integrated stomach gut content and '°N, '3C stable
isotopes to assess the feeding habit of Micropterus salmoides (Lacepéde, 1802) in two South
African dams. This study revealed an opportunistic feeding style where in Mankazana Dam, the

fish mostly preferred invertebrates and showed a shift in prey items, thus feeding on small fish
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species, Meanwhile, in Wriggleswade Dam the fish solely fed on Gilchristella aestuaria (Gilchrist,
1913), as expected in both dams, M. salmoides was at the top of the food chain. Even though this
study assessed the feeding behaviour of the koi fish in one system but a similar situation was
observed where the koi fish showed an opportunistic and wide feeding preferences between
producers and primary and secondary consumers. This chapter, further highlight the importance
of conservation and how subterranean habitats are neglected in terms of research and general
conservation actions. These systems have long been under threat by mining and agriculture, and
reports have been tabled on the introduction of alien species fish species in these systems, but no
follow-ups have been conducted (Irish & Marais 2002). This chapter is the first to assess the impact
of the alien species on subterranean taxa, especially on the least studied taxon endemic and
specialist subterranean amphipods. This is an ecological concern as the Boesmansgat cave houses
two endemic species, S. megacheles and S. basilobata, with S. megacheles only restricted to this

cave and not found anywhere else and already showing limited abundances in the system.

4.1 Problems encountered

This project primary aim was to use the cytochrome oxidase subunit 1 (CO1) to understand the
phylogenetic relationship of the monotypic subterranean genus Sternophysinx. This mitochondrial
gene has been mostly utilised to investigate cryptic species, species delimitation and genetic
structure of species (Finston et al. 2007; Murphy et al. 2013; King et al. 2022). However, due to
the pandemic that hit South Africa and the covid19 regulation, our laboratory work was delayed.
The South African Institute for Aquatic Biodiversity (SAIAB) had limited space and only final
year students were prioritized for lab work. Another problem was getting a suitable primer of
which we tried two primers that could not work i.e, LCO1490, HCO2198, CrustDF1 and
CrustDRI1. Due to this we run low of rare specimens such as S. basilobata and S. megacheles from
Boesmansgat cave and few of the two undescribed species from Bakwena cave and Sterkfontein
cave. As such, we had to use 2-3 specimens each site or putative taxon instead of 3-5 for amplifying

the 12S rRNA gene.

There are several sites that we could not sample due to the Covid19 pandemic, and with other sites
not having correct GPS coordinated thus making it nearly impossible to locate them. These sites
include two sites in the Cradle of Humankind, i.e., Koelenhof cave, and springs in John Nash

Nature Reserve, one cave in Limpopo province, Matlapitse cave, a cave in De Hoop Nature
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Reserve is located in Western Cape Province and Kolgelbeen cave in Northern Cape. Koelenhof
cave is located in Kromdraai on a private property and this cave is a home for two co-occurring
amphipods species S. filaris and S. calceola. Meanwhile John Nash Nature Reserve is located in
the Cradle of Humankind just few kilometers from Sterkfontein cave (9.5 km). The springs in this
farm are homes for one amphipods species S. transvaalensis. Both sites are located in private
properties and getting access during pandemic was difficult. On the other hand, Matlapitse cave is
situated about 46 west of Trichardtsdal and is the type locality of S. calceaola (Holsinger 1992).
De Hoop Nature Reserve is located in Western Cape and because of heavy rain fall that covered
the entrance with water the sampling was cancelled. Kolgelbeen cave is situated in a private farm
in Griekwastad and houses S. basilobata with cave along with Chaos cave situated in North West
are very complex cave. To sample the latter caves, a cave specialist was needed to assist with
sampling and locating the groundwater table. With the current results thus identification of new
species and species complex, getting topotype material from these caves would add greatly to the

taxonomony of Sternophysinx.

85



5. References
Abrams, K. M. (2012). Phylogenetics and biogeography of Australian subterranean
Parabathynellidae. Ph.D. thesis, University of Adelaide.

Adamek, Z., Sukop, I., Rendon, P. M., & Koufil, J. (2003). Food competition between 2+ tench
(Tinca tinca L.), common carp (Cyprinus carpio L.) and bigmouth buffalo (lctiobus

cyprinellus Val.) in pond polyculture. Journal of Applied Ichthyology, 19(3), 165-169.

Adams M., Raadik T. A., Burridge C.P., Georges A. (2014): Global biodiversity assessment and
hypercryptic species complexes: More than one species of elephant in the room?

Systematic Biology, 63:518-533.

Agrawal, V. P. (1965). Feeding appendages and the digestive system of Gammarus pulex. Acta
Zoologica. 46, 67-81.

Aiken, D.E., Tunnicliffe, V., Shih, C.T., & Delorme, L.D. 2013. “Crustacean” The Canadian
Encyclopedia. Web. http://www. Thecanadianencyclopedia.com/articles/crustacean.

Alcaraz, C., Bisazza, A. & Garcia-Berthou, E. 2008. Salinity mediates the competitive
interactions between invasive mosquitofish and an endangered fish. Oecologia 155:

205-213.

Altermatt, F., Alther, R., FiSer, C., Jokela, J., Konec, M., Kiiry, D., & Westram, A. M. (2014).
Diversity and distribution of freshwater amphipod species in Switzerland (Crustacea:

Amphipoda). Public Library of Science one, 9(10), e110328.

Alter, S. E., Munshi-South, J., & Stiassny, M. L. J. (2017). Genomewide SNP data reveal cryptic
phylogeographic structure and microallopatric divergence in a rapids-adapted clade

of cichlids from the Congo River. Molecular Ecology, 26,1401-1419.

Anteau, M. J., & Afton, A. D. (2004). Nutrient reserves of lesser scaup (Aythya affinis) during
spring migration in the Mississippi Flyway: a test of the spring condition hypothesis. The
Auk, 121(3), 917-929.

86


http://www/

Anteau, M. J., & Afton, A. D. (2006). Diet shifts of lesser scaup are consistent with the spring
condition hypothesis. Canadian Journal of Zoology 84: 779—786.

Anteau, M. J., & Afton, A. D. (2008b). Amphipod densities and indices of wetland quality across
the upper-Midwest, USA. Wetlands 28: 184—196.

Au, S. Y., Bruce, T. F., Bridges, W. C., & Klaine, S. J. (2015). Responses of Hyalella Azteca
to acute and chronic microplastic exposures. Environmental toxicology and chemistry,

34(11), 2564-2572

Ayati, K., Dhaouadi, S., Mahmoudi, E., & Piscart, C. (2018). Two new species of gammarid
amphipods from Tunisian fresh waters (Amphipoda, Gammaridae). Crustaceana, 91(11),

1327-1345

Azim, M. E., & Wahab, M. A. (2003). Development of a duckweed-fed carp polyculture system
in Bangladesh. Aquaculture, 218(1-4), 425-438.

Barrow, L. M., K. A. Bjorndal, and K. J. Reich. 2008. Effects of preservation method on stable

carbon and nitrogen isotope values. Physiological and Biochemical Zoology 81:688—693.

Balon, E. K. (1995). Origin and domestication of the wild carp, Cyprinus carpio: from Roman

gourmets to the swimming flowers. Aquaculture, 129(1-4), 3-48.

Barnard, J. L. &. Barnard, C. M. 1983. Freshwater Amphipoda of the World. Part I, Evolutionary
Patterns: i—xvii, 1-358. Part II, Handbook and Bibliography: xix, 359-830. Haytield

Associates, Mt. Vernon, Virginia.

Barr, T. C. (1968). Cave ecology and the evolution of troglobites. In Evolutionary biology (pp. 35
102). Springer, Boston, MA.

Beaumont, P. B. & Vogel, J. C. 2006. On a timescale for the past million years of human history
in central South Africa. South African Journal of Science, 102: 217-28.

87



Bhuiyan, A. S., Begum, M. & Nessa, Q. 1997. Observation of the food and feeding habit of
Clupisoma atherinoides (Bloch) (Siluriformes: Schilbidae). University Journal of Zoology,
Rajshahi University, 16: 1-5.

Bhuiyan, A. S., Nessa, Q. & Begum, M. 1998. The food and feeding habit of Puntius gonionotus
(Bleeker) (Cyprinidae: Cypriniformes). Bangladesh Journal of Zoology, 26 (1): 73-78.

Bickford, D., Lohman, D. J., Sodhi, N. S., Ng, P. K. L., Meier, R., & Winker, K. (2007). Cryptic
species as a window on diversity and conservation. Trends in Ecology and Evolution, 22,

148-155.

Bichuette, M. E. & Trajano, E. 2010. Conservation of subterranean fishes. (In Trajano, E.,
Bichuette, M.E. & Kapoor, B.G., eds. Biology of subterranean fishes. Enfield: Science
Publishers. p. 66-80).

Bij de Vaate, A. & Klink, A. G. (1995). Dikerogammarus villosus (Sowinsky, 1894)
(Crustacea: Gammaridae) a new immigrant in the Dutch part of the Lower Rhine.

Lautebornia 20, 51-54.

Boecklen, W. J., C. T. Yarnes, B. A. Cook, and A. C. James. 2011. On the use of stable isotopes
in trophic ecology. Annual Review of Ecology, Evolution, and Systematics 42:411-440

Boets, P., Lock, K., Messiaen, M., & Goethals, P. L. M. (2010). Combining data-driven
methods and lab studies to analyse the ecology of Dikerogammarus villosus. Ecological
Informatics, 5(2), 133-139.

Borza, P., Csanyi, B., Huber, T. Leitner, P., Paunovi¢, M., Remund, N., Szekeres, J. & Graf, W.
(2015). Longitudinal distributional patterns of Peracarida (Crustacea, Malacostraca) in the

River Danube. Fundamental and Applied Limnology. 187, 113-126.

Bousfield, E. L. (1982). Amphipoda in: SP. Parker (ed). Synopsis and classification of living
organisms. New York, McGrawHill, pp. 241-293.

Bousfield, E. L. (1979). A revised classification and phylogeny of amphipod crustaceans.
Transactions of the Royal Society of Canada, Series IV, 343-390.

88



Bousfield, E. L. (1977). A new look at the systematics of gammaridean amphipods of the world.
Crustaceana supplement, 4, 282—-316.

Bouffard, S. H. & Hanson, M. A. (1997). Fish in waterfowl marshes: waterfowl managers’
perspective. Wildlife Society Bulletin 25: 146157

Bradbury, J. H., & Williams, W. D. (1997). Amphipod (Crustacea) diversity in underground
waters in Australia: An Aladdin’s Cave. Memoirs of the Museum of Victoria 56: 513-519.

Britton, J. R., Davies, G. D., & Harrod, C. (2010). Trophic interactions and consequent impacts of
the invasive fish Pseudorasbora parva in a native aquatic foodweb: a field investigation in
the UK. Biological Invasions, 12, 1533-1542.

Brush, J. M., Fisk, A. T., Hussey, N. E., & Johnson, T. B. (2012). Spatial and seasonal variability
in the diet of round goby (Neogobius melanostomus): stable isotopes indicate that stomach

contents overestimate the importance of dreissenids. Canadian Journal of Fisheries and

Aquatic Sciences, 69(3), 573-586.

Bravo, G. A., Remsen, J. V., & Brumfield, R. T. (2014). Adaptive processes drive
ecomorphological convergent evolution in antwrens (Thamnophilidae). Evolution, 68(10),

2757-2774.

Brendonck, L., Rogers, D. C., Olesen, J., Weeks, S., & Hoeh, W. R. (2007). Global diversity of
large branchiopods (Crustacea: Branchiopoda) in freshwater. In Freshwater Animal

Diversity Assessment (pp. 167-176). Springer, Dordrecht.

Cameron, S., Rubinoff, D., & Will, K. (2006). Who will actually use DNA barcoding and what
will it cost? Systematic biology, 55(5), 844-847.

Caut S., Roemer G.W., Donlan C.J. & Courchamp, F. (2006). Coupling stable isotopes with
bioenergetics to estimate interspecific interactions. Ecological Applications, 16, 1893

1900.

Celesti-Grapow, L., Alessandrini, A., Arrigoni, P. V., Banfi, E., Bernardo, L., Bovio, M. &
Blasi, C. (2009). Inventory of the non-native flora of Italy. Plant Biosystems, 143(2), 386
430.

89



Ceschin, S., Leacche, 1., Pascucci, S., & Abati, S. (2016). Morphological study of Lemna minuta
Kunth, an alien species often mistaken for the native L. minor L. (Araceae). Aquatic

Botany, 131, 51-56.

Ceschin, S., Abati, S., Leacche, 1., lamonico, D., Iberite, M., & Zuccarello, V. (2016). Does
the alien Lemna minuta show an invasive behavior outside its original range? Evidence

of antagonism with the native L. minor in central Italy. International Review of

Hydrobiology, 101(5-6), 173-181.

Ceschin, S., Abati, S., Ellwood, N. T. W., & Zuccarello, V. (2018). Riding invasion waves:
spatial and temporal patterns of the invasive Lemna minuta from its arrival to its spread

across Europe. Aquatic Botany, 150, 1-8.

Chapman, J. W. (2007). Amphipoda: Chapter 39 of The Light and Smith Manual: Intertidal
Invertebrates from Central California to Oregon. Fourth Edition, Completely Revised and

Expanded. Oakland: UC Press.

Clarke, L. R., Vidergar, D. T., & Bennett, D. H. (2005). Stable isotopes and gut content show diet
overlap among native and introduced piscivores in a large oligotrophic lake. Ecology of
Freshwater Fish, 14(3), 267-277.

Cook, B. D., Bunn, S. E., & Hughes, J. M. (2002). Genetic structure and dispersal of
Macrobrachium australiense (Decapoda: Palaemonidae) in western Queensland,
Australia. Freshwater Biology, 47(11), 2098-2112.

Cook, B. D., Baker, A. M., Page, T. J., Grant, S. C., Fawcett, J. H., Hurwood, D. A., & Hughes, J.
M. (2006). Biogeographic history of an Australian freshwater shrimp, Paratya
australiensis (Atyidae): the role life history transition in phylogeographic diversification.
Molecular Ecology 15, 1083—-1093.

Copilas-Ciocianu, D., Grabowski, M., Parvulescu, L., & Petrusek, A. (2014). Zoogeography of
epigean freshwater Amphipoda (Crustacea) in Romania: fragmented distributions and wide

altitudinal variability. Zootaxa, 3893(2), 243-260.

90



Copilas-Ciocianu, D., & Petrusek, A. (2015). The southwestern Carpathians as an ancient centre
of diversity of freshwater gammarid amphipods: insights from the Gammarus

fossarum species complex. Molecular Ecology, 24(15):3980-3992.

Copilas-Ciocianu, D., & Petrusek, A. (2017). Phylogeography of a freshwater crustacean species
complex reflects a long-gone archipelago. Journal of Biogeography. 44(2):421-432

Copilas-Ciocianu, D., Fiser, C., Borza, P., Balazs, G., Angyal, D., & Petrusek, A. (2017). Low
intraspecific genetic divergence and weak niche differentiation despite wide ranges and
extensive sympatry in two epigean Niphargus species (Crustacea: Amphipoda). Zoological

Journal of the Linnean Society.

Copilas-Ciocianu, D., Fiser, C., Borza, P., & Petrusek, A. (2018). Is subterranean lifestyle
reversible? Independent and recent large-scale dispersal into surface waters by two
species of the groundwater amphipod genus Niphargus. Molecular Phylogenetics and
Evolution, 119, 37-49.

Cothran, R. D., Stiff, A. R., Chapman, K., Wellborn, G. A., & Relyea, R. A. (2013). Reproductive
interference via interspecific pairing in an amphipod species complex. Behavioral Ecology

and Sociobiology, 67(8), 1357-1367.

Crawley, M. J. (1987). What makes a community invasible? In: Crawley MJ, Edwards PJ (eds)
Colonization, succession, and stability. Blackwell, Oxford, pp 429-451.

Culver, D. C., & Sket, B. (2000). Hotspots of subterranean biodiversity in caves and wells. Journal
of cave and Karst studies, 62(1), 11-17.

Culver, D. C., Holsinger, J. R., Christman, M. C., & Pipan, T. (2010). Morphological differences
among eyeless amphipods in the genus Stygobromus dwelling in different subterranean
habitats. Journal of Crustacean Biology, 30(1), 68-74.

Culver, D., & Pipan, T. (2015). Shifting paradigms of the evolution of cave life. Acta
Carsologica, 44(3).

91



Culley Jr, D. D., Rejmankova, E., Kvét, J., & Frye, J. B. (1981). Production, chemical quality and
use of duckweeds (Lemnaceae) in aquaculture, waste management, and animal feeds.

Journal of the world mariculture society, 12(2), 27-49.

Cook, B. A. (1991) The systematics, distribution and aspects of the ecology of the freshwater
amphipod genus Paramelita (Crangonyctoidea: Paramelitidae). PhD thesis, University of

Cape Town, South Africa.

Covich, A. P., Thorp, J. H. & Rogers, D. C. (2010). Introduction to the subphylum Crustacea. In
Thorp, J. H. & A. P. Covich (eds), Ecology and Classification of North American

Freshwater Invertebrates, 3rd ed. Academic Press/Elsevier, San Diego: 695—723.

Czerniejewski, P., Rybczyk, A., Linowska, A., & Sobecka, E. (2019). New location, food
composition, and parasitic fauna of the invasive fish Pseudorasbora parva (Temminck
& Schlegel, 1846) (Cyprinidae) in Poland. Turkish Journal of Zoology, 43(1), 94-105.

Dadebo, E., Tesfahun, A., & Teklegiorgis, Y. (2013). Food and feeding habits of the African
big barb Labeobarbus intermedius (Riippell, 1836) (Pisces: Cyprinidae) in Lake Koka,
Ethiopia. E3 Journal of Agricultural Research and Development, 3(4), 49-58.

David, L., Rothbard, S., Rubinstein, 1., Katzman, H., Hulata, G., Hillel, J., & Lavi, U. (2004).
Aspects of red and black color inheritance in the Japanese ornamental (Koi) carp

(Cyprinus carpio L.). Aquaculture, 233(1-4), 129-147.

Davis, A. M., Blanchette, M. L., Pusey, B. J., Jardine, T. D., & Pearson, R. G. (2012). Gut content
and stable isotope analyses provide complementary understanding of ontogenetic dietary
shifts and trophic relationships among fishes in a tropical river. Freshwater Biology,

57(10), 2156-2172.

Dean, T. (2001). Invasive freshwater fish in New Zealand: DOC’s present and future
management. In Managing invasive freshwater fish in New Zealand. Proceedings of a

workshop hosted by Department of Conservation (pp. 10-12).

92



Desta, Z, Borgstrom, R, Rosseland, B. O & Gebre-Mariam, Z. (2006). Major difference in
mercury concentrations of the African big barb, Barbus intermedius (R.) due to shifts

in trophic position. Ecology of Freshwater Fish, 15(4), 532-543.

Deli¢, T., Svara, V., Coleman, C. O., Trontelj, P., & Fiser, C. (2017a). The giant cryptic amphipod
species of the subterranean genus Niphargus (Crustacea, Amphipoda). Zoologica Scripta,
46(6), 740-752.

Deli¢, T., Trontelj, P., Rendos, M., & Fiser, C. (2017b). The importance of naming cryptic
species and the conservation of endemic subterranean amphipods. Scientific Reports,

7(1), 1-12.

Devin, S., & Beisel, J. N. (2007). Biological and ecological characteristics of invasive species: a

gammarid study. Biological Invasions, 9(1), 13-24.

Dick, J. T., & Platvoet, D. (2000). Invading predatory crustacean Dikerogammarus villosus
eliminates both native and exotic species. Proceedings of the Royal Society of London.

Series B: Biological Sciences, 267(1447), 977-983.

Dick, J. T., Platvoet, D., & Kelly, D. W. (2002). Predatory impact of the freshwater invader
Dikerogammarus villosus (Crustacea: Amphipoda). Canadian Journal of Fisheries and
Aquatic Sciences, 59(6), 1078-1084

Di Lorenzo, T., Di Marzio, W. D., Fiasca, B., Galassi, D. M. P., Korbel, K., Iepure, S., & Hose,
G. C. (2019). Recommendations for ecotoxicity testing with stygobiotic species in the
framework of groundwater environmental risk assessment. Science of the Total

Environment, 681, 292-304.

Dudley, T. L., Cooper, S. D., & Hemphill, N. (1986). Effects of macroalgae on a stream
invertebrate community. Journal of the North American Benthological Society, 5(2), 93

106.

Du Preez, L., Carruthers, V., & Burger, M. (2009). A complete guide to the frogs of southern
Africa (pp. 196-199). Cape Town: Struik nature.

93



Du Preez, G. C. (2014). Determining the effect of polluted mine water on the ecosystem health
of a karstic cave environment in the Witwatersrand Basin (Doctoral dissertation, North

West University).

Du Preez, G., Swart, A., & Fourie, H. (2015). Nematodes of the Wonderfontein Cave
(Witwatersrand Basin, South Africa). Nematology, 17(8), 967-980.

Durand, J. F. & Peinke, D., (2010). Issue paper 4: The state of karst ecology research in the
Cradle of Humankind World Heritage Site, 88-101. In WRC/IUCN-SAKWG. The karst
system of the Cradle of Humankind World Heritage Site. Report KV 241/10, Water

Research Commission, Pretoria, South Africa, 402pp.

Durand, J. F. (2012). The impact of gold mining on the Witwatersrand on the rivers and karst
system of Gauteng and North West Province, South Africa. Journal of African Earth
Sciences, 68, 24-43.

Durand, F., Marais, W., Venter, E., Swart, A., Habig, J., Dippenaar-Schoeman, A., & Tiedt, L.
(2012). Die karst-ekologie van die Bakwenagrot (Gauteng): oorspronklike navorsing.
Suid-Afrikaanse tydskrif vir natuurwetenskap en tegnologie, 31(1), 1-17.

Dunn, C. P. (2003). Keeping taxonomy based in morphology. Trends in Ecology & Evolution,
18:270-271.

Egea, E., David, B., Choné, T., Laurin, B., Féral, J. P., & Chenuil, A. (2016). Morphological and
genetic analyses reveal a cryptic species complex in the echinoid Echinocardium cordatum
and rule out a stabilizing selection explanation. Molecular Phylogenetics and Evolution,

94, 207-220.

Englisch, U., Coleman, C. O., & Wigele, J. W. (2003). First observations on the phylogeny of the
families Gammaridae, Crangonyctidae, Melitidae, Niphargidae, Megaluropidae and
Oedicerotidae (Amphipoda, Crustacea), using small subunit rDNA gene sequences.

Journal of Natural History, 37(20), 2461-2486.

94



Elvira, B., & Almoddvar, A. (2001). Freshwater fish introductions in Spain: facts and figures at
the beginning of the 21st century. Journal of fish Biology, 59, 323-331.

Ferreira, R. L., Giribet, G., Du Preez, G., Ventouras, O., Janion, C., & Silva, M. S. (2020). The
Wynberg Cave System, the most important site for cave fauna in South Africa at risk.

Subterranean Biology, 36, 73.

Finston, T.L., Bradbury, J.H., Johnson, M.S. & Knott, B. (2004). When morphology and
molecular markers conflict: a case history of subterranean amphipods from the Pilbara,

Western Australia. Animal Biodiversity and Conservation 27: 83-94

Finston, T. L., Johnson, M. S., Humphreys, W. F., Eberhard, S. M., & Halse, S. A. (2007).
Cryptic speciation in two widespread subterranean amphipod genera reflects historical

drainage patterns in an ancient landscape. Molecular Ecology 16, 355-365.

Fisher, S.J., Brown, M.L. & Willis, D.W. 2001. Temporal food web variability in an upper
Missouri River backwater: energy origination points and transfer mechanisms. Ecology of
Freshwater Fish 10: 154-167.

Fiser, C., Sket, B. & Trontelj, P. 2005. Niphargus homepage. URL http:/www.bf.uni

1j.si/bi/zoologija/cene_fiser/niphargus.

Fiser, C., Trontelj, P., Lustrik, R., & Sket, B. (2009a). Toward a unified taxonomy of Niphargus
(Crustacea: Amphipoda): a review of morphological variability. Zootaxa, 2061,1-22.

Fiser, C., & Zagmajster, M. (2009). Cryptic species from cryptic space: the case of Niphargus
fongi sp. n. (Amphipoda, Niphargidae). Crustaceana, 82(5), 593-614.

Fiser, C., Coleman, C. O., Zagmajster, M., Zwittnig, B., Gerecke, R., & Sket, B. (2010). Old
museum samples and recent taxonomy: A taxonomic, biogeographic and conservation
perspective of the Niphargus tatrensis species complex (Crustacea: Amphipoda).
Organisms Diversity & Evolution, 10(1), 5-22.

FiSer, Z., Altermatt, F., Zaksek, V., Knapi¢, T., & Figer, C. (2015). Morphologically cryptic
amphipod species are “ecological clones” at regional but not at local scale: a case study of

four Niphargus species. Plos one, 10(7), e0134384.

95


http://www.bf.uni/
http://www.bf.uni/

Fiser, C., Robinson, C. T., & Malard, F. (2018). Cryptic species as a window into the paradigm
shift of the species concept. Molecular Ecology, 27(3), 613-635.

Friend, J. A., & Richardson, A. M. M. (1986). Biology of terrestrial amphipods. Annual Review
of Entomology, 31(1), 25-48.

Fujita, M. K., Leaché, A. D., Burbrink, F. T., McGuire, J. A., & Moritz, C. (2012). Coalescent
based species delimitation in an integrative taxonomy. Trends in Ecology and

Evolution, 27, 480—488.

Gaines, C. A., Hare, M. P., Beck, S. E. & Rosenbaum, H. C. (2005). Nuclear markers confirm
taxonomic status and relationships among highly endangered and closely related Right

whale species. Proceedings of the Royal Society B, 272, 533-542.

Galassi, D. M. P., (2001). Groundwater copepods: diversity patterns over ecological and
evolutionary scales. Hydro- biologia, 453(454): 227-253.

Gannes, L. Z., O’Brien, D. M., & Del Rio, C. M. (1997). Stable isotopes in animal ecology:
assumptions, caveats, and a call for more laboratory experiments. Ecology, 78(4), 1271

1276.

Grabowski, M., Konopacka, A., Jazdzewski, K., & Janowska, E. (2006). Invasions of alien
gammarid species and retreat of natives in the Vistula Lagoon (Baltic Sea, Poland).

Helgoland Marine Research, 60(2), 90-97.

Gehrke, P. C., & Harris, J. H. (2001). Regional-scale effects of flow regulation on lowland riverine
fish communities in New South Wales, Australia. Regulated Rivers: Research &
Management: An International Journal Devoted to River Research and Management, 17(4

5), 369-391.

Gibert, J., Stanford, J. A., Dole-Olivier M. J. & Ward, J. V. (1994) Basic attributes of groundwater
ecosystems and prospects for research. In: Groundwater Ecology (Eds J. Gibert, D.L.

Danielopol & J.A. Stanford), pp. 740, Academic Press, San Diego

Gibert, J. & Deharveng, L. (2002). Subterranean ecosystems: a truncated functional

biodiversity. BioScience, 52: 473-481.

96



Gibert, J., Culver, D. C., Dole-Olivier, M. J., Malard, F., Christman, M. C., & Deharveng, L.
(2009). Assessing and conserving groundwater biodiversity: synthesis and perspectives.

Freshwater Biology, 54(4), 930-941.

Gosline, W. A. (1973). Considerations regarding the phylogeny of cypriniformes fishes, with

special reference to structures associated with feeding. Copeia, 1973: 761-776.

Gosline, W. A. (1973). Considerations regarding the phylogeny of cypriniformes fishes, with

special reference to structures associated with feeding. Copeia, 1973: 761-776.

Gozlan, R. E, St-Hilaire, S., Feist, S.W., Martin, P. & Kent, M. L. (2005) Disease threat to
European fish. Nature, 435, 1046.

Gozlan, R. E, Britton, J. R, Cowx, L. G. & Copp, G. H. (2010) Current knowledge on non-native
freshwater fish introductions. Journal of Fish Biology, 44: 751-786.

Gosline, W. A. (1973). Considerations regarding the phylogeny of cypriniformes fishes, with

special reference to structures associated with feeding. Copeia, 1973: 761-776.

Griebler, C., Avramov, M., & Hose, G. (2019). Groundwater ecosystems and their services:
current status and potential risks. In Atlas of ecosystem services (pp. 197-203). Springer,

Cham.

Grimm, N. B. (1988). Feeding dynamics, nitrogen budgets, and ecosystem role of a desert
stream omnivore, Agosia chrysogaster (Pisces: Cyprinidae). Environmental Biology of
Fishes, 21(2), 143-152.

Griffiths, C. L. (1981). The freshwater Amphipoda (Crustacea) of South and South West Africa.
Annals of the South African Museum 83 (5): 79-97.

Griffiths, C. L. (1991). Two new crangonyctoid amphipods from southern African caves

(Crustacea). Cimbebasia, 13, pp.81-89.

Griffiths, C. L. & Stewart, B. A. (1996). Two new freshwater amphipods from South Africa
(Crustacea, Amphipoda). Bollettino Museo Civico di Storia Naturale di Verona, 20, pp.75
87.

97



Griffiths, C. L. (1999). The terrestrial amphipods (Crustacea, Amphipoda) of South Africa. South

African Museum.

Griffiths, C. L. & Stewart, B. A. (2001). Amphipoda. In: Day, J.A, DE Moore I.J. & Louw A.E.
(eds) Guides to the Freshwater Invertebrates of Southern Africa, Volume 4: Crustacea 3,

pp. 28-49. Pretoria: Water Research Commission.

Griffiths, J. R., Kadin, M., Nascimento, F. J., Tamelander, T., Tornroos, A., Bonaglia, S., &
Winder, M. (2017). The importance of benthic—pelagic coupling for marine ecosystem

functioning in a changing world. Global change biology, 23(6), 2179-2196.

Gray, M. R., & Thompson, J. A. (2001). New lycosoid spiders from cave and surface habitats in
southern Australia and Cape Range peninsula (Araneae: Lycosoidea). Records of the

Western Australian Museum Supplement, 64, 159-170.

Gusain, R., & Suthar, S. (2017). Potential of aquatic weeds (Lemna gibba, Lemna minor, Pistia
stratiotes and Eichhornia sp.) in biofuel production. Process Safety and Environmental
Protection, 109, 233-241

Gwaze, F. R., & Mwale, M. (2015). The prospect of duckweed in pig nutrition. A review. The
Journal of Agricultural Science,7: 189—-199

Hadjab, R., Ayati, K., & Piscart, C. (2020). A New Species of Freshwater Amphipods

Echinogammarus (Amphipoda, Gammaridae) from Algeria. Taxonomy, 1(1), 36-47.

Halse, S. A., Scanlon, M. D., Cocking, J. S., Barron, H. J., Richardson, J. B., & Eberhard, S. M.
(2014). Pilbara stygofauna: deep groundwater of an arid landscape contains globally

significant radiation of biodiversity. Records of the Western Australian Museum,

78(Suppl.), 443-483.

Harris, P. M., Roosa, B. R., & Norment, L. (2002). Underground dispersal by amphipods
(Crangonyx pseudogracilis) between temporary ponds. Journal of Freshwater Ecology,
17(4), 589-594.

98



Hartke, T. R., Cene, F., Hohagen, J., Kleber, S., Hartmann, R., & Koenemann, S. (2011).
Morphological and molecular analyses of closely related species in the stygobiontic genus

Niphargus (Amphipoda). Journal of Crustacean Biology, 31(4), 701-709.

Havird, J. C., Weeks, J. R., Hau, S., & Santos, S. R. (2013). Invasive fishes in the Hawaiian
anchialine ecosystem: investigating potential predator avoidance by endemic

organisms. Hydrobiologia, 716(1), 189-201.

Hebert, P. D., Cywinska, A., Ball, S. L. & deWaard, J. R. (2003). Biological identifications
through DNA barcodes. Proceedings of the Royal Society of London, B 270: 313-321.

Hervant, F., Mathieu, J., Barré¢, H., Simon, K., & Pinon, C. (1997). Comparative study on the
behavioral, ventilatory, and respiratory responses of hypogean and epigean crustaceans to
long-term starvation and subsequent feeding. Comparative Biochemistry and Physiology

Part A: Physiology, 118(4), 1277-1283.

Hervant, F., Mathieu, J. and Durand, J. (2001). Behavioural, physiological and metabolic
responses to long-term starvation and refeeding in a blind cave-dwelling (Proteus
anguinus) and a surface-dwelling (Euproctus asper) salamander. Journal of Experimental

Biology, 204(2), 269-281

Hervant, F., & Renault, D. (2002). Long-term fasting and realimentation in hypogean and epigean
isopods: a proposed adaptive strategy for groundwater organisms. Journal of Experimental

Biology, 205(14), 2079-2087.

Hillis, D. M., & Dixon, M. T. (1991). Ribosomal DNA: molecular evolution and phylogenetic
inference. The Quarterly review of biology, 66(4), 411-453.

Hill, J. M., Jones, R. W., Hill, M. P., & Weyl, O. L. (2015). Comparisons of isotopic niche
widths of some invasive and indigenous fauna in a South African river. Freshwater

Biology, 60(5), 893-902.

Hobbs, H. H., III (2000). Crustacea. In H. Wilkens, D. C. Culver, & W. F. Humphreys (Eds.),
Ecosystems of the world 30: Subterranean ecosystems. Amsterdam: Elsevier Press. (pp.

95-107)

99



Hollows, J. W., Townsend, C. R., & Collier, K. J. (2002). Diet of the crayfish Paranephrops
zealandicus in bush and pasture streams: insights from stable isotopes and stomach

analysis. New Zealand Journal of Marine and Freshwater Research, 36(1), 129-142.

Holsinger, J. R. & Straskraba, M. (1973) A new genus and two new species of subterranean
amphipod crustaceans (Gammaridae) from South Africa. Annales de Spéléologie, 28(1),

69-79.

Holsinger, J. R. (1992). Sternophysingidaec, a new family of subterranean amphipods
(Gammaridea: Crangonyctoidea) from South Africa, with a description of Sternophysinx
calceola, new species, and comments on phylogenetic and biogeographic relationships.

Journal of Crustacean Biology, 12(1), pp.111-124.

Horton, T.; Lowry, J.; De Broyer, C.; Bellan- Santini, D.; Coleman, C.O.; Corbari, L.; Costello,
M.J.; Daneliya, M.; Dauvin, J.-C.; FiSer, C.; Gasca, R.; Grabowski, M.; Guerra-Garcia,
J.M.; Hendrycks, E.; Hughes, L.; Jaume, D.; Jazdzewski, K.; Kim, Y.-H.; King, R.; Krapp
Schickel, T.; LeCroy, S.; Lorz, A.-N.; Mamos, T.; Senna, A.R.; Serejo, C.; Sket, B.; Souza
Filho, J.F.; Tandberg, A.H.; Thomas, J.D.; Thurston, M.; Vader, W.; Viinola, R.; Vonk,
R.; White, K.; Zeidler, W. (2021). World Amphipoda Database. Accessed at
http://www.marinespecies.org/amphipoda on 2021-04-29. doi:10.14284/368 (accessed 29
April 20121) Dordrecht, pp 1-24.

Hou, Z., Fu, J., & Li, S. (2007). A molecular phylogeny of the genus Gammarus (Crustacea:
Amphipoda) based on mitochondrial and nuclear gene sequences. Molecular phylogenetics

and Evolution, 45(2), 596-611.

Hou Z, Sket B, Fiser C, Li S. (2011). Eocene habitat shifts from saline to freshwater promoted
Tethyan amphipod diversification. Proceedings of the National Academy of Sciences

of the United States of America 108(35):14533-14538

Huertos, L. M. (2020). Archeology of Inland Waters. Ecology and Management of Inland Waters,
27.

Hughes, L. E., & Ahyong, S. T. (2016). Collecting and processing amphipods. Journal of
Crustacean Biology, 36(4), 584-588.

100



Humphreys, W.F. (2001). Groundwater calcrete aquifers in the Australian arid zone, the context
to an unfolding plethora of stygal biodiversity. Records of the Western Australian Museum,

Supplement 64: 63-83.

Hiippop K. 2000. How do cave animals cope with the food scarcity in caves? V: Subterranean
ecosystems. Wilkens H., Culver D.C., Humphreys W.F. (ur.). 1. izd. Amsterdam, Elsevier:
159-188

Irish, J., & Marais, E. (2002). Caves of the Northern Cape, South Africa: a baseline study:
discussion. Navorsinge van die Nasionale Museum: Researches of the National

Museum, 18(2), 29-30.

IUCN, S. (1994, November). IUCN red list categories. In As approved by the 40th Meeting of
the IUCN Council, Gland. Switzerland (Vol. 30).

Javornik, J., Hopkins III, J. B., Zavadlav, S., Levanic, T., Lojen, S., Polak, T., & Jerina, K. (2019).
Effects of ethanol storage and lipids on stable isotope values in a large mammalian

omnivore. Journal of Mammalogy, 100(1), 150-157.

Jacobs, A. Msimang, D. & Venter, E. (2017). First survey of the fungi from the Bakwena Cave
in South Africa suggests low human disturbance. Journal of Cave and Karst Studies, v.

79, no. 2, p. 89-94.

Jacobs, F. J., Jacobs, P. G., Hay, C. J., & Naesje, T. F. (2021). Status updates of the endemic
and critically endangered cave catfish Clarias cavernicola Trewavas 1936, from the

Aigamas Cave system, Namibia. African Journal of Aquatic Science, 46(1), 18-21.

Janes, R. A., Eaton, J. W., & Hardwick, K. (1996). The effects of floating mats of Azolla
filiculoides Lam. and Lemna minuta Kunth on the growth of submerged macrophytes. In
Management and Ecology of Freshwater Plants: Proceedings of the 9th International
Symposium on Aquatic Weeds, European Weed Research Society (pp. 23-26). Springer
Netherlands.

Jepsen, D. B., & Winemiller, K. O. (2002). Structure of tropical river food webs revealed by stable
isotope ratios. Oikos, 96(1), 46-55.

101



Jones, M. J., & Stuart, I. G. (2009). Lateral movement of common carp (Cyprinus carpio L.) in

a large lowland river and floodplain. Ecology of Freshwater Fish, 18(1), 72-82.

Jung, T.W., Kim, J. G., Kim, M. S., & Yoon, S. M. (2020). Five new subterranean amphipods of
the genus Pseudocrangonyx from Korea (Crustacea, Amphipoda, Pseudocrangonyctidae).
ZooKeys, 970, 1.

Kayo, R. T., Marmonier, P., Togouet, S. H. Z., Nola, M., & Piscart, C. (2012). An annotated
checklist of freshwater stygobiotic crustaceans of Africa and Madagascar. Crustaceana,

1613-1631.
Kamaltynov; R. M. 1999. On the evolution of Lake Baikal Amphipods. Crustaceana 72:921-931.

Katouzian, A. R., Sari, A., Macher, J. N., Weiss, M., Saboori, A., Leese, F., & Weigand, A. M.
(2016). Drastic underestimation of amphipod biodiversity in the endangered Irano

Anatolian and Caucasus biodiversity hotspots. Scientific Reports, 6(1), 22507.

Kiszka, J., Lesage, V., & Ridoux, V. (2014). Effect of ethanol preservation on stable carbon and
nitrogen isotope values in cetacean epidermis: Implication for using archived biopsy

samples. Marine Mammal Science, 30(2), 788-795.

Kim, C. B., & Kim, W. (1993). Phylogenetic relationships among gammaridean families and
amphipod suborders. Journal of Natural History, 27(4), 933-946.

King, R. A., Fagan-Jeftries, E. P., Bradford, T. M., Stringer, D. N., Finston, T. L., Halse, S. A., ...
& Ahyong, S. (2022). Cryptic diversity down under: defining species in the subterranean
amphipod genus Nedsia Barnard & Williams, 1995 (Hadzioidea: Eriopisidae) from the
Pilbara, Western Australia. Invertebrate Systematics, 36(2), 113-159.

Koehn, J., Brumley, A., & Gehrke, P. (2000). Managing the impacts of carp. Bureau of Rural

Sciences, Department of Agriculture. Fisheries and Forestry, Canberra, Australia.

Koehn, J. D. (2004). Carp (Cyprinus carpio) as a powerful invader in Australian waterways.
Freshwater Biology 49: 882—-894.

102



Karaman, G. S., & Pinkster, S. (1977). Freshwater Gammarus species from Europe, North Africa
and adjacent regions of Asia (Crustacea-Amphipoda). Part I. Gammarus pilex-group and
related species. Bijdragen tot de Dierkunde, 47(1), 1-97.

Kralj-Fiser, S., Hebets, E. A., & Kuntner, M. (2017). Different patterns of behavioral variation
across and within species of spiders with differing degrees of urbanization. Behavioral

Ecology and Sociobiology, 71(8), 1-15.

Kralj-Fiser, S., Premate, E., Copilag-Ciocianu, D., Volk, T., Fiser, 7, Balazs, G. & Fiser, C. (2020).
The interplay between habitat uses, morphology and locomotion in subterranean

crustaceans of the genus Niphargus. Zoology, 139, 125742.

Layman, C. A., Araujo, M. S., Boucek, R., Hammerschlag-Peyer, C. M., Harrison, E., Jud, Z.
R. & Bearhop, S. (2012). Applying stable isotopes to examine food-web structure: an

overview of analytical tools. Biological Reviews, 87(3), 545-562.

Lee, C. W., Tomikawa, K., Nakano, T., & Min, G. S. (2018). A new species of the genus
Pseudocrangonyx (Crustacea, Amphipoda, Pseudocrangonyctidae) from Korea. ZooKeys,
(735), 27.

Lee, C. W., Tomikawa, K., & Min, G. S. (2020). A new cave amphipod, Pseudocrangonyx
wonkimi sp. nov. (Crustacea, Amphipoda, Pseudocrangonyctidae), from the Korean

Peninsula. ZooKeys, 960, 1.

Lefébure, T., Douady, C. J., Gouy, M., Trontelj, P., Briolay, J., & Gibert, J. (20006).
Phylogeography of a subterranean amphipod reveals cryptic diversity and dynamic

evolution in extreme environments. Molecular ecology, 15(7), 1797-1806.

Lefébure T., Douady, C. J., Malard, F., & Gibert, J. (2007). Testing dispersal and cryptic
diversity in a widely distributed groundwater amphipod (Niphargus rhenorhodanensis).
Molecular Phylogenetics and evolution, 42(3), 676-686.

Leys, M., Keller, 1., Ridsédnen, K., Gattolliat, J. L., & Robinson, C. T. (2016). Distribution and
population genetic variation of cryptic species of the Alpine mayfly Baetis alpinus

(Ephemeroptera: Baetidae) in the Central Alps. BMC evolutionary biology, 16(1), 1-15.

103



Liu, J. H.,, Wen, S., Luo, C., Zhang, Y. Q., Tao, M., Wang, D. W. & Xiao, Y. M. (2015).
Involvement of the mitfa gene in the development of pigment cell in Japanese

ornamental (Koi) carp (Cyprinus carpio L.). Genet Mol Res, 14(1), 2775-2784.

Li, Y., Li, S., Liu, H., Kurenshchikov, D. K., & Hou, Z. (2020). Eocene—Oligocene sea-level fall
drove amphipod habitat shift from marine to freshwater in the Far East. Zoologica Scripta,

49(3), 357-365.

Lowry, J. K. & Myers, A. A. 2012. New, mainly southern hemisphere, freshwater families of
Amphipoda (Crustacea), together with a description of the first freshwater calliopiid,
Lutriwita bradburyi gen. nov. et sp. nov. Zootaxa 3499, 27-45.

Lowry, J. K., & Myers, A. A. (2013). A phylogeny and classification of the Senticaudata subord.
nov. Crustacea: Amphipoda. Zootaxa, 3610(1), 1-80.

Lowry, J. K., & Myers, A. A. (2017). A Phylogeny and Classification of the Amphipoda with the
establishment of the new order Ingolfiellida (Crustacea: Peracarida). Zootaxa, 4265(1), 1

89.

Macdonald Tii, K. S., Yampolsky, L., & Duffy, J. E. (2005). Molecular and morphological
evolution of the amphipod radiation of Lake Baikal. Molecular Phylogenetics and
Evolution, 35(2), 323-343.

McDonald, J. T, Rautenbach, I. L, & Nel, J. (1990). Foraging ecology of bats observed at De Hoop
provincial nature reserve, southern Cape Province. South African Journal of Wildlife

Research-24-month delayed open access, 20(4), 133-145.

McMahon, K. W., & McCarthy, M. D. (2016). Embracing variability in amino acid §'°N
fractionation: mechanisms, implications, and applications for trophic ecology. Ecosphere,

7(12), e01511.

MacNeil, C., Dick, J. & Elwood, R. (1997). The trophic ecology of freshwater Gammarus spp.
(Crustacea: Amphipoda): problems and perspectives concerning the functional feeding

group concept. Biological Reviews, 72: 349-364.

104



MacNeil, C., Dick, J. T. A & Elwood, R. W. (1999). The dynamics of predation on G. lacustris
spp. (Crustacea: Amphipoda). Biological Reviews of the Cambridge Philosophical
Society, 74: 375-395.

MacNeil, C. & Dick, J. T. A. (2014). Physicochemical tolerance, habitat use and predation are
drivers of patterns of coexistence and exclusion among invasive and resident amphipods.

Freshwater Biology, 59, 1956—1969.

Mammola, S., Cardoso, P., Culver, D. C., Deharveng, L., Ferreira, R. L., FiSer, C & Isaia, M.
(2019). Scientists' warning on the conservation of subterranean ecosystems. BioScience,

69(8), 641-650.

Manon, M. R., & Hossain, M. D. (2011). Food and feeding habit of Cyprinus carpio var.
specularis. Journal of Science Foundation, 9(1-2), 163-169.

Mariani, F., Di Giulio, A., Fattorini, S., & Ceschin, S. (2020). Experimental evidence of the
consumption of the invasive alien duckweed Lemna minuta by herbivorous larvae of the

moth Cataclysta lemnata in Italy. Aquatic Botany, 161, 103172.

Mariani, F., Fattorini, S., Di Giulio, A., & Ceschin, S. (2021). Development and reproduction of
Cataclysta lemnata, a potential natural enemy of the invasive alien duckweed Lemna

minuta in Italy. The European Zoological Journal, 88(1), 216-225.

Marmonier, P., Maazouzi, C., Baran, N., Blanchet, S., Ritter, A., Saplairoles, M., & Piscart, C.
(2018). Ecology-based evaluation of groundwater ecosystems under intensive agriculture:
A combination of community analysis and sentinel exposure. Science of the Total

Environment, 613, 1353-1366.

Martin, J. W., & Davis, G. E. (2001). An updated classification of the recent Crustacea (Vol. 39,
p. 129). Los Angeles: Natural History Museum of Los Angeles County, 37.

Martini, J.E.J., Wipplinger, P.E., Moen, H.F.G. and Keyser, A. (2003) Contribution to the
speleology of Sterkfontein Cave, Gauteng Province, South Africa. International Journal of

Speleology, 32(1/4), 43—-69

105



Marizvikuru, M., & Francisca, R. G. (2013). Characteristics of duckweed and its potential as feed
source for chickens reared for meat production: A review. Scientific research and essays,

8(18), 689-697.

Mayer, G., Maier, G., Maas, A., Waloszek, D., 2008. Mouthparts of the Ponto—Caspian invader
Dikerogammarus villosus (Amphipoda: Pontogammaridae). J. Crustac. Biol. 28, 1-15.

McKinney, M. L. (2006) Urbanization as a major cause of biotic homogenization. Biological

Conservation, 127:247-260

Messouli, M., Boutin, C., Yacoubi-Khebiza, M., & Coineau, N. (2001). Pseudoniphargus
(subterranean crustacean amphipod) from Morocco: systematics, phylogeny and ecological

and biogeographic aspects. In Proceedings of the (Vol. 13, pp. 391-394).

Miller, S. A. & Crowl, T. A. (2006). Effects of common carp (Cyprinus carpio) on macrophytes

and invertebrate communities in a shallow lake. Freshwater Biology, 51: 85-94.

Milne, R., & Griffiths, C. L. (2013). Additions to and revisions of the amphipod (Crustacea:
Amphipoda) fauna of South Africa, with a list of currently known species from the region.

African Natural History, 9, 61-90.

Moyo, S., & Jacobs, D. S. (2020). Faecal analyses and alimentary tracers reveal the foraging
ecology of two sympatric bats. Public Library of Science, 15(1), €0227743.

Mouser, J. B., Glover, J., & Brewer, S. K. (2020). Gastric mill age estimates for ringed crayfish
Faxonius neglectus neglectus (Faxon) and the influence of temperature on band formation.
Freshwater Crayfish, 25(1).

Murphy, N. P., Adams, M., and Austin, A. D. (2009). Independent colonization and extensive
cryptic speciation of freshwater amphipods in the isolated groundwater springs of

Australia’s Great Artesian Basin. Molecular Ecology 18, 109-122.

Murphy, N. P., Adams, M., Guzik, M. T. and Austin, A. D. (2013). Extraordinary micro
endemism in Australian desert spring amphipods. Molecular Phylogenetics and

Evolution 66, 645-653.

106



Murray, K. A. (2020). A Redescription of Groundwater Amphipods (Crangonyctoidea:
Sternophysingidae) from Karstic Aquifers in Gauteng, South Africa (Doctoral dissertation,

University of Johannesburg).

Myers, A. A., & Lowry, J. K. (2018). The Senticaudata, a suborder of the Amphipoda—A
commentary on d’Udekem d’Acoz and Verheye (2017). ZooKeys, (730), 151.

Nesemann, H., Pockl, M., & Wittmann, K. J. (1995). Distribution of epigean Malacostraca in the
middle and upper Danube (Hungary, Austria, Germany). Miscellanea zoologica hungarica,

10(1995).

Notenboom, J. (1991). Marine regressions and the evolution of groundwater dwelling amphipods

(Crustacea). Journal of Biogeography, 437-454.

Njambuya, J., Stiers, I., & Triest, L. (2011). Competition between Lemna minuta and Lemna

minor at different nutrient concentrations. Aquatic Botany, 94(4), 158-164.

Niemiller, M. L., Bichuette, M. E., Chakrabarty, P., Fenolio, D. B., Gluesenkamp, A. G., Soares,
D., & Zhao, Y. (2019). Cavefishes. In W. White, D. C. Culver & T. Pipan (Eds.),
Encyclopedia of caves (3rd ed., pp. 227-236). Waltham, MA: Academic Press.

Oyawoye, A. A. (2017). Evaluation of common duckweed (Lemna Minor L.) for removal of
nitrogen and phosphorus from anaerobic baffled reactor effluent and the fertilizer value of

the biomass on perennial ryegrass (Doctoral dissertation).

Partridge, T. C. (1966). Ficus Cave: An Iron Age living site in the central Transvaal. The South
African Archaeological Bulletin, 21(83), 125-132.

Pinkster, S., Scheepmaker, M., Platvoet, D., & Broodbakker, N. (1992). Drastic changes in the
amphipod fauna (Crustacea) of Dutch inland waters during the last 25 years. Bijdragen tot

de Dierkunde, 61(4), 193-204.

Pinder A. C, Gozlan R. E & Britton JR (2005). Dispersal of the invasive topmouth gudgeon
Pseudorasbora parva in the UK: a vector for an emergent infectious disease. Fisheries

Management and Ecology 12:411-414.

107



Pindihama, G. K., Gumbo, J. R., & Oberholster, P. J. (2011). Evaluation of a low-cost technology
to manage algal toxins in rural water supplies. African Journal of Biotechnology Vol.

10(86), pp. 19883-19889

Pires, A. C., & Marinoni, L. (2010). DNA barcoding and traditional taxonomy unified through
Integrative Taxonomy: a view that challenges the debate questioning both methodologies.

Biota Neotropica, 10(2), 339-346.

Piscart, C., Manach, A., Copp, G. H., & Marmonier, P. (2007). Distribution and microhabitats of
native and non-native gammarids (Amphipoda, Crustacea) in Brittany, with particular
reference to the endangered endemic sub-species Gammarus duebeni celticus. Journal of
Biogeography, 34(3), 524-533.

Piscart, C., Dick, J. T., McCrisken, D., & MacNeil, C. (2009a). Environmental mediation of
intraguild predation between the freshwater invader Gammarus pulex and the native G.

duebeni celticus. Biological Invasions, 11(9), 2141-2145.

Piscart, C., Roussel, J. M., Dick, J. T., Grosbois, G., & Marmonier, P. (2011). Effects of
coexistence on habitat use and trophic ecology of interacting native and invasive

amphipods. Freshwater Biology, 56(2), 325-334.

Piscart, C., Merzoug, D., & Hafid, H. (2013). A new species of Echinogammarus from Algerian
fresh waters, Echinogammarus haraktis n. sp (Peracarida, Amphipoda). Crustaceana,
86(13-14), 1623-1633.

Plénet, S. (1999). Metal accumulation by an epigean and a hypogean freshwater amphipod:
considerations for water quality assessment. Water Environment Research, 71(7), 1298

1309.

Post, D. M. (2002). Using stable isotopes to estimate trophic position: models, methods, and
assumptions. Ecology, 83(3), 703-718.

Poore, H. F. (2002). "Introduction". Crustacea: Malacostraca. Zoological catalogue of Australia.

19.2A. CSIRO Publishing. pp. 1-7.

108



Poore, G. C. B. (2005). Peracarida: monophyly, relationships and evolutionary success. Nauplius,

13(1), 1-27.

Proudlove G. S (2010). Biodiversity and distribution of the subterranean fishes of the world.
In: Trajano E, Bichuette ME, Kapoor BG, editors. Biology of Subterranean Fishes.
CRC Press 41-63.

Priya, A., Avishek, K., & Pathak, G., (2012). Assessing the potentials of Lemna minor in the

treatment of domestic wastewater at pilot scale. Environ. Monit. Assess 184, 43014307.

Prié, V., Puillandre, N., & Bouchet, P. (2012). Bad taxonomy can kill: molecular reevaluation of
Unio mancus Lamarck, 1819 (Bivalvia: Unionidae) and its accepted subspecies.

Knowledge and Management of Aquatic Ecosystems, (405), 08.

Raz-Guzman, A., & Villegas, A. L. (2018). Gammarid and Corophiid Amphipods (Crustacea,
Peracarida, Amphipoda) of Laguna de Tamiahua, Veracruz and Laguna Madre,
Tamaulipas, Mexico: Spatial and Temporal Distribution. Gulf of Mexico Science, 34(1),

2.

Rayner, R. J., Moon, B. P., & Masters, J. C. (1993). The Makapansgat australopithecine

environment. Journal of Human Evolution, 24(3), 219-231

Regier, J. C., Shultz, J. W., Zwick, A., Hussey, A., Ball, B., Wetzer, R. & Cunningham, C.
W. (2010). Arthropod relationships revealed by phylogenomic analysis of nuclear
protein-coding sequences. Nature, 463(7284), 1079-1083.

Remigio, E., Lepitzki, D., Lee, J., and Hebert, P. (2001). Molecular systematic relationships and
evidence for a recent origin of the thermal spring endemic snails Physella johnsoni and

Physella wrighti (Pulmonata: Physidae). Canadian Journal of Zoology, 79(11): 1941-1949.

Rewicz, T., Rachalewski, M., & Grabowski, M. (2014). First record of Echinogammarus pungens
(H. Milne Edwards, 1840) (Crustacea, Amphipoda) from Africa with the checklist of North

African freshwater gammarids. Mediterranean Marine Science, 15(2), 443-448.

Richter, S., & Scholtz, G. (2001). Phylogenetic analysis of the Malacostraca (Crustacea). Journal
of Zoological Systematics and Evolutionary Research, 39(3), 113-136.

109



Rodrigues, S. G., Bueno, A. A. P., & Ferreira, R. L. (2014). A new troglobiotic species of Hyalella
(Crustacea, Amphipoda, Hyalellidae) with a taxonomic key for the Brazilian species.

Zootaxa, 3815(2), 200-214.

Rogers, D.C, (2009). Branchiopoda (Anostraca, Notostraca, Laevicaudata, Spinicaudata,
Cyclestherida). In: Likens, G. F. editor, Encyclopedia of Inland Waters. = Cambridge,
MA: Academic. Press; Vol. 2. p. 242-249.

Rudolph, K., Coleman, C. O., Mamos, T., & Grabowski, M. (2018). Description and post-glacial
demography of Gammarus jazdzewskii sp. nov. (Crustacea: Amphipoda) from Central

Europe. Systematics and Biodiversity, 16(6), 587-603.

Ruffo, S. (1984). Bogidiella nubica n. sp. from interstitial waters of the Sudan (Crustacea:

Amphipoda). Limnology and Marine Biology in the Sudan, 131-134.

Saijuntha, W., Jarilla, B., Leonardo, A. K., Sunico, L. S., Leonardo, L. R., Andrews, R. H., &
Agatsuma, T. (2014). Genetic structure inferred from mitochondrial 12S ribosomal RNA
sequence of Oncomelania quadrasi, the intermediate snail host of Schistosoma japonicum

in the Philippines. The American Journal of Tropical Medicine and Hygiene, 90(6), 1140.

Schram, F. R., & Abele, L. G. (1982). The fossil record and evolution of Crustacea. The biology
of Crustacea, 1, 93-147.

Schlick-Steiner, B. C., Steiner, F. M., Moder, K., Seifert, B., Sanetra, M., Dyreson, E., &
Christian, E. (2006). A multidisciplinary approach reveals cryptic diversity in Western
Palearctic Tetramorium ants (Hymenoptera: Formicidae). Molecular Phylogenetics and

Evolution, 40(1), 259-273.

Schlick-Steiner, B. C., Steiner, F. M., Seifert, B., Stauffer, C., Christian, E., & Crozier, R. H.
(2010). Integrative taxonomy: a multisource approach to exploring biodiversity. Annual

review of entomology, 55, 421-438.

Shepard, K. E., Patterson, W. F., DeVries, D. A., & Ortiz, M. (2010). Contemporary versus
historical estimates of king mackerel (Scomberomorus cavalla) age and growth in the US

Atlantic Ocean and Gulf of Mexico. Bulletin of Marine Science, 86(3), 515-532.

110



Sibbing, F. A & Nagelkerke, L. A. J (2001). Resource partitioning by Lake Tana barbs predicted
from fish morphometrics and prey characteristics. Reviews in Fish Biology and

Fisheries, 10: 393-437.

Simon, K. S., Townsend, C. R., Biggs, B. J. F., Bowden, W. B. & Frew, R. D. (2004). Habitat
specific nitrogen dynamics in New Zealand streams containing native or invasive fish.

Ecosystems, 7: 777-792.

Simon, C., Buckley, T. R., Frati, F., Stewart, J. B., & Beckenbach, A. T. (2006). Incorporating
molecular evolution into phylogenetic analysis, and a new compilation of conserved
polymerase chain reaction primers for animal mitochondrial DNA. Annual Review of

Ecology, Evolution, and Systematics, 545-579.

Sharratt, N. J., Picker, M. D., & Samways, M. J. (2000). The invertebrate fauna of the sandstone
caves of the Cape Peninsula (South Africa): patterns of endemism and conservation

priorities. Biodiversity & Conservation, 9(1), 107-143.

Shelton, J. M., Samways, M. J., Day, J. A., & Woodford, D. J. (2016). Are native cyprinids or
introduced salmonids stronger regulators of benthic invertebrates in South African

headwater streams? Austral ecology, 41(6), 633-643.

Stenroth, P., Holmqvist, N., Nystrom, P., Berglund, O., Larsson, P., & Granéli, W. (2006). Stable
isotopes as an indicator of diet in omnivorous crayfish (Pacifastacus leniusculus): the
influence of tissue, sample treatment, and season. Canadian Journal of Fisheries and

Aquatic Sciences, 63(4), 821-831.

Stockman; A. K & Bond, J. E. (2007). Delimiting cohesion species: extreme population structuring

and the role of ecological interchangeability. Molecular Ecology, 16:3374-92.

Stuart, I. G., & Jones, M. J. (2006). Movement of common carp, Cyprinus carpio, in a regulated
lowland Australian river: implications for management. Fisheries Management and

Ecology, 13(4), 213-219.

111



Strecker, U. (2006). The impact of invasive fish on an endemic Cyprinodon species flock

(Teleostei) from Laguna Chichancanab, Yucatan, Mexico. Ecology of Freshwater Fish,

15(4), 408-418.

Sutton, D. L., Vandiver, V. V., & Hill, J. (1986). Grass carp: A fish for biological management

of Hydrilla and other aquatic weeds in Florida. Gainesville: University of Florida.

Sultana, M., & Hashim, Z. H. (2015). Invasive alien fish species in freshwater of the continents.

Journal of Environmental Science and Natural Resources, 8(2), 63-74.

Spears, T., DeBry, R. W., Abele, L. G., & Chodyla, K. (2005). Peracarid monophyly and
interordinal phylogeny inferred from nuclear small-subunit ribosomal DNA sequences
(Crustacea: Malacostraca: Peracarida). Proceedings of the biological Society of

Washington, 118(1), 117-157.

Tasaki, S. (2006). The presence of stygobitic macroinvertebrates in karstic aquifers: a case study
in the Cradle of Humankind World Heritage Site. Unpublished MSc Dissertation,

University of Johannesburg.

Taylor, G. C., Hill, J. M., & Weyl, O. L. F. (2019). The diet and trophic ecology of non-native
Micropterus salmoides in two South African impoundments. African Journal of
Aquatic Science, 44(2), 143-153.

Thorp; J. H. Rogers; D. C. & Covich; A. P. (2015). Introduction to Crustacea. In: Thorp, JH,
Rogers DC, editors. Thorp and Covich’s Freshwater Invertebrates, Vol. I: Ecology and
General Biology, 4th ed., Academic Press Inc., San Diego, USA: Elsevier. pp 671-686.

Tieszen, L. L., Boutton T. W., Tesdahl K. G. &. Slade N. A. (1983). Fractionation and turnover of
stable carbon isotopes in animal tissues: Implications for 1*C analysis of diet. Oecologia

57:32-37

Tomikawa, K., Kobayashi, N., Morino, H., Hou, Z. E., & Mawatari, S. F. (2007). Phylogenetic
relationships within the genus Jesogammarus (Crustacea, Amphipoda, Anisogammaridae)

deduced from mitochondrial COI and 12S sequences. Zoological Science, 24(2), 173-180.

112



Trajano, E. (2001). Ecology of subterranean fishes: an overview. Environmental biology of Fishes,

62(1-3), 133-160.

Trontelj, P., Douady, C., Fiser, C., Gibert, J., Goricki, S., Lefébure, T., Sket, B. & Zaksek, V.
(2007). A molecular test for hidden biodiversity in groundwater: how large are theranges

of macro-stygobionts? Freshwater Biology.

Trontelj, P., Douady, C. J., Fiser, C., Gibert, J., Goricki, S, Lefébure, T., & Zaksek, V. (2009). A
molecular test for cryptic diversity in ground water: how large are the ranges of macro

stygobionts? Freshwater Biology, 54(4), 727-744.

Vader, W. (1983). Associations between amphipods (Crustacea: Amphipoda) and sea anemones

(Anthozoa: Actinaria). Memoirs of the Australian Museum, 18: 141-153.

Viéinola, R., Witt, J. D. S., Grabowski, M., Bradbury, J. H., Jazdzewski, K., & Sket, B. (2007).
Global diversity of amphipods (Amphipoda; Crustacea) in freshwater. In Freshwater
Animal Diversity Assessment (pp. 241-255). Springer, Dordrecht.

Vander Zanden, M. J., B. J. Shuter, N. Lester, & Ras-mussen, J. B. (1999). Patterns of food
chain length in lakes: a stable isotope study. American Naturalist, 154:406—416.

Van der Velde, G., Rajagopal, S., Kelleher, B., Musko, I. B., & de Vaate, A. B. (2000). Ecological
impact of crustacean invaders: general considerations and examples from the Rhine River.

Crustacean Issues, 12, 3-34.

Vila, M., Basnou, C., Pysek, P., Josefsson, M., Genovesi, P., Gollasch, S., Nentwig, W., Olenin,
S., Roques, A., Roy, D., Hulme, P. E. & Daisie partners. (2010). How well do we
understand the impacts of alien species on ecosystem services? A pan-European, cross

taxa assessment. Frontiers in Ecology and the Environment, 8: 135-144.

Vinogradov, M. E., Volkov, A. F. & Semenova, T. N. (1996). Hyperiid Amphipods (Amphipoda,
Hyperiidea) of the World Oceans. Translation of: Amfipody-Giperiidy (Amphipoda,
Hyperiidea) Mirovogo okeana. Opredeliteli po Faune SSSR No.132 1982. 1 ed.
Smithsonian Institution Libraries, Washington, D.C., 632 pp.

113



Vizza, C., Sanderson, B. L., Burrows, D. G., & Coe, H. J. (2013). The effects of ethanol
preservation on fish fin stable isotopes: does variation in C: N ratio and body size matter?

Transactions of the American Fisheries Society, 142(5), 1469-1476.

Vonk, R., & Schram, F. R. (2003). Ingolfiellidea (Crustacea, Malacostraca, Amphipoda): a
phylogenetic and biogeographic analysis. Contributions to Zoology, 72(1), 39-72.

Von Endt, D. W. (1994). Spirit collections: a preliminary analysis of some organic materials found

in the storage fluids of mammals. Collection Forum 10:10-19.

Walsh, C. J., Papas, P. J., Crowther, D., Sim, P. T., & Yoo, J. (2004). Stormwater drainage
pipes as a threat to a stream-dwelling amphipod of conservation significance,
Austrogammarus australis, in southeastern Australia. Biodiversity & Conservation,
13(4), 781-793.

Wang, H. Y., Tsai, M. P., Dean, J., & Lee, S. C. (2001). Molecular phylogeny of gobioid fishes
(Perciformes: Gobioidei) based on mitochondrial 12S rRNA sequences. Molecular

Phylogenetics and Evolution, 20(3), 390-408.

Wang, C. H., Kuo, C. H., Mok, H. K., & Lee, S. C. (2003). Molecular phylogeny of elopomorph
fishes inferred from mitochondrial 12S ribosomal RNA sequences. Zoologica scripta,

32(3), 231-241.

Wang, W., Yang, C., Tang, X., Gu, X., Zhu, Q., Pan, K. & Ma, D. (2014). Effects of high
ammonium level on biomass accumulation of common duckweed Lemna minor L.

Environmental Science and Pollution Research, 21(24), 14202-14210.

Warren, C., & Steenbergen, D. J. (2021). Fisheries decline, local livelihoods and conflicted

governance: An Indonesian case. Ocean & Coastal Management, 202, 105498.

Wellborn, G. A., & Cothran, R. D. (2004). Phenotypic similarity and differentiation among
sympatric cryptic species in a freshwater amphipod species complex. Freshwater Biology,

49,1-13.

114



Wellborn, G. A., Witt, J. D., & Cothran, R. D. (2015). Class Malacostraca, Superorders Peracarida
and Syncarida. In Thorp and Covich's Freshwater Invertebrates (pp. 781-796). Academic

Press.

Welcomme, R. L. (1992). A history of international introductions of inland aquatic species.

ICES Marine Science Symposia 194, 3—14.

Webber, W., Fenwick, G., Bradford-Grieve, J., Eagar, S., Buckeridge, J., Poore, G. & Charleston,
W. (2010). Phylum Arthropoda Subphylum Crustacea: shrimps, crabs, lobsters, barnacles,
slaters, and kin. In New Zealand Inventory of Biodiversity: Volume Two: Kingdom
Animalia-Chaetognatha, Ecdysozoa, Ichnofossils (pp. 98-232). Canterbury University

Press.

Weiss, M., Macher, J. N., Seefeldt, M. A., & Leese, F. (2014). Molecular evidence for further
overlooked species within the Gammarus fossarum complex (Crustacea: Amphipoda).
Hydrobiologia, 721(1), 165-184.

Westram, A. M., Jokela, J., Baumgartner, C., & Keller, I. (2011). Spatial distribution of cryptic
species diversity in European freshwater amphipods (Gammarus fossarum) as

revealed by pyrosequencing. PloS one, 6(8), €23879.

Westram, A. M., Jokela, J., & Keller, 1. (2013). Hidden biodiversity in an ecologically important
freshwater amphipod: differences in genetic structure between two cryptic species. PloS

one, 8(8), €69576.

Whetstone, J. M & Watson, M. (2004). Biological control of aquatic weeds. Clemson Cooperative
Extension Service Fact Sheet HGIC 1715, Clemson, SC. 4 pp.

Will, K. W., Mishler, B. D., & Wheeler, Q. D. (2005). The perils of DNA barcoding and the need
for integrative taxonomy. Systematic biology, 54(5), 844-851

Wilson, G. D. (2009). The phylogenetic position of the Isopoda in the Peracarida (Crustacea:
Malacostraca). Arthropod Systematics & Phylogeny, 67(2), 159-198.

Windisch, U., Springer, F., & Stahl, T. (2020). Freshwater amphipods (Gammarus

pulex/fossarum) and brown trout as bioindicators for PFC contamination with regard to

115



the aquatic ecological status of a small stream. Environmental Sciences Europe, 32(1),

1-14.

Winkelmann C., Hellmann C., Worischka S., Petzoldt T. & Benndorf J. (2011) Fish predation
affects the structure of a benthic community. Freshwater Biology. 56,1030—46.

Xia, Y., Zhao, W., Xie, Y., Xue, H., Li, J.,, Li, Y. & Li, X. (2019). Ecological and economic
impacts of exotic fish species on fisheries in the Pearl River basin. Management of

Biological Invasions, 10(1), 127.

Yang, L., Tan, Z., Wang, D., Xue, L., Guan, M. X., Huang, T., & Li, R. (2014). Species
identification through mitochondrial rRNA genetic analysis. Scientific reports, 4(1), 1-11.

Yan, Y., Candreva, J., Shi, H., Emst, E., Martienssen, R., Schwender, J., & Shanklin, J. (2013).
Survey of the total fatty acid and triacylglycerol composition and content of 30 duckweed
species and cloning of a A6-desaturase responsible for the production of y-linolenic and

stearidonic acids in Lemna gibba. BMC plant biology, 13(1), 1-14.

Zhang, K., Chen, Y.P., Zhang, T.T., Zhao, Y., Shen, Y., Huang, L., Gao, X., & Guo, J.S., (2014).
The logistic growth of duckweed (Lemna minor) and kinetics of ammonium uptake.
Environmental Technology, 35 (5-8), 562-567.

Zimmer, K. D., M. A. Hanson & M. G. Butler (2002). Effects of fathead minnows and

restoration on prairie wetland eco- systems. Freshwater Biology, 47: 2071-2086.

Zirschky, J., & Reed, S. C. (1988). The use of duckweed for wastewater treatment. Journal (Water
Pollution Control Federation), 1253-1258.

116



