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Abstract

Researchers, primarily in the Northern hemisphere, have extensively studied mouthpart morphology
and dietary variability in Ephemeroptera (colloquially called mayflies). Ephemeroptera are key primary
consumers in rivers around the world and are used asafiqbiomonitoring indicators due to
interspecific variation in ecological tolerances that make them good indicator taxa. Cummins (1973,
1974) created a functional feeding groups (FFG) classification system, based on northern hemisphere
macroinvertebratesas a universal tool to functionally categorise organisms based on their primary
feeding mode within their habitat. The FFG classification system is useful in identifying interrelations

between structural and functional components of an ecosystem.

The aim of this study was to contribute knowledge on FFGs for particular mayfly species, in the
southern African savanna biome, through mouthpart morphology and gut content analysis. Four study
sites were sampled from the Magaliesberg (M) and Waterbergddfhments. There were three
species studied, namelAfroptilum parvum (Family Baetidae),Afronurus barnardi (Family
Heptageniidae) ancElassoneuria sp 6 Cl YAf & hft AJ2ySdZNAARI S0 d ¢KSA
dissected and their macr@and microstructures were prepared for viewing with Scanning Electron
Microscopy (SEM) and ligimicroscopy Micrographs and images showed variation in mouthpart
morphology between all three species, with special attention to the labia and maxilla microstructures.
The identification and description of microstructures that differentiateyfly species (and the
adaptations of these appendages to facilitate food uptake andsitigie) are important to address
knowledge gaps regarding ayfly mouthpart morphology. A Principal Component Analysis (PCA)
showed distinct grouping of the three species, with mandibles and maxillary palps showing the most
variation between species. After analysis, the following feeding groups were assinggokilum
parvumisa collectorgatherer feederAfronurusbarnardiis a brusheiscraper feeder anélassoneuria

sp.isa filter feeder.

CKA& &a0dzRed aK2gSRXI Ay LINLSZ dGKFdG GKS /dzYyYiAyaQ o
for classifying organisms from a South African savanna strelamwever,it is a good foundational

starting point for region specifiEFG classification systenibhus, it is recommended to use the
classification system Cummins created as a starting point for classifying organisms into FFGs with an
initial definition that can be expanded upon to create individual classification systems for different

localities.

Keywords:Ephemeroptera, Functional Feeding Grouioptilum parvum Afronurus barnardi

Elassoneuria spMagaliesberg, Waterberg
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Chapter 1. General introduction

Freshwater resources in the world and South Africa

Freshwater ecosystems are regarded as some of the most impacted and endangered
ecosystems in the world (Allan & Flecker, 1993; Malmqvist & Rundle, 2002; Duelgalon
2006; van Deventeet al., 2018). The Earth happroximately3% of freshwaterresources
which are spread through lakes (0.008%), soils (0.005%), atmospineres, and biota
(0.001%), groundwater (0.61%) and ice (1.97%) (Carpenhtdr, 1992; Malmqvist & Rundle,
2002; Dudgeoret al., 2006; NASA, 2020). The rate of biodiversity decline in freshwater
systems is much greater than that experienced in terrestrial ecosystems (Dudgean
2006). Freshwater resources provide a large variety of-tdghand ecosystem services
mainly domestic use, industry and agriculture, drinkseapitation,and transport (Carpenter

et al, 1992; Malmqgvist & Rundle, 2002; Dudgeenal., 200§. Rivers are diverse, but
information on taxonomic and functional diversity is lackittgus making it difficulto fully
encapsulate their value and how best to protect and conserve them (Allan & Flecker, 1993;

Malmqvist & Rundle, 20QZan Wyket al., 2006).

South Africa is a serarid countrythat mustbalance conserving integrity and longevity of
freshwater systemsvith, meeting the ecosystemeedsof the people (van Wykt al., 2006).

Only 58% of the South African population has access to safe drinking water (Jackspn
2016). An ecosystem can only be maintained when the minimum flow is constantly
supplemented to allow for instream and riparian biota to survive and regulate that ecosystem
(Harding & Taylor, 2011). Headwater streams are responsible for providing esosyst
services, transport of oenic material and for making strong links to terrestrial zones as they

influence the productivity of their environment at various spatiotemporal scales (Naiman &

13



Turner, 2000; Bendet al., 2005; Dudgeost al., 2006; Callistet al., 2012). They are usually
geographically isolated systems thaintaingenetically isolated species, thus making them
important for aquatic biodiversitfGomiet al., 2002; Wipfliet al., 2007). Anthropogenic
activity impacts river health, water quantity and quality, channel morphology, concentration
of pollutants deposited into systems, riparian vegetation and the presence of invertebrates
and macroinvertebrates necessary for biomonihgy (Palmeet al., 1996; Dickens & Graham,

2002; Jacksoat al., 2020).

Additionally, the effects of global warming directly impact freshwater ecosystems through
changes in rusoff patterns, increases in floods and letegm droughts, and change in the
reliability and distribution of streams, lakes, and wetlands particularlg water stressed
country like South Africa (Carpentet al., 1992; Schneider, 199Ballas & RiverMoore,
2014; Archeeet al., 2018). Understanding the impacts that these stressors have directly and

indirectly on the rivers and their inhabitants is iorpant to conserve them for future use.

Initiatives that encourage countries to conserve their freshwater ecosystems together are
known as transfrontier conservation areas (TFGAR)uthern Africa has identified 20 TCFAs,
with six currently in progress South Africgvan Amerom &Buscher2005;Bischer, 2005).
These provide an opportunity for countries to meet and merge land management efforts to
conserve large systems that transcend human borders, whilst creating jobs for local
communities (BlUscher, 2005). One exampgethe Maloti-DrakensbergTransfrontier
Conservation and Development Project (MDTP) created to protect biological diversity and

cultural heritage (Buscher, 2005).

To protect and conserve our freshwater systems, we must finstlerstand their biology

There have been numerous bioassessment studies donieshwater biota thatprovide
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information at different spatiotemporal scales about what is happenngogically and

chemicallyin a riverine system and the importance of these key role players.

Macroinvertebrates and food web dynamics

The importance of macroinvertebrates in a systirfinked to complex food web dynamics.

Food webs are useful in understanding the feeding relationships within an ecosystem
(Kitching, 2001) (i.e., who eats who). Macroinvertebrates are short generation communities

that provide information at a snapshot imte, meaning thatthey are useful in determining
AYYSRAIFGS STFSOGa 2F RAAGAINDIF yOS ¢ Ailhkslsy I NXA
willfollowl KS RSTAYAGA2Y FTNRBY YKYESNBEYROIA®O|ESIRA a&C
disrupts the structure of an ecosystem, community, or population, and changes resource
FoOFAfFoAEfAGE 2NJ GKS LKeaAOlt SyYy@ANBYYSyidé o,
river system is, is dependent on how mgant it is to disturbance and the rates at which it

recovers from disturbance (Yount & Niemi, 1990). Rates of recovery can include levels of

recolonisation of historically present species and measuring levels of primary productivity.

However, there is much debate about food webs and energy trophic cascades in the
literature, so delving into ecosystem food webs and how they function at multiple levels with
various feedback loops can quickly become complex and sometimes oversiniplifeealis

2y ALISOATFTAO NRBEtS LI IFI&@8SNB O0t286SNE MPPHT hQbSA

Macroinvertebratedive among the substrate and sediment; they cycle deposited nutrients
(e.g.decomposed matter, faecal pellets, etc.) that are distributed within the habitat which
are essential for aquatic flora, thus indirectly contributing to primary productivity. The

availability of other feeding material such as in stream vegetation and tigaefore remain
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abundant for the consumption bgther larger consumers, such as fighnterconnectivity

between different trophic levels

Order Ephemeroptera

A key group of macroinvertebrates regularly used in bioassessment are the insect Order
Ephemeroptera, colloquially known asayflies (Bauernfeind & Moog, 2000)ayflies are an
ancient monophyletic group of insects found in freshwater and brackish water, comprising of
about 3500 species, 450 genera, and 42 described families (Brittain, 1982; Ogden & Whiting,
2005 Sartori & Brittain, 2015; Gattolliat al., 2018; Sallest al., 201§. They are the oldest
extant winged insect order, dating back to Carbonifes and Permian periods, with studies
done on this order from as early as 16Ba(nard, 1932Brittain, 1982; Barbedames & Lugo

Ortiz, 2003;BarberJameset al., 2008; Sartori & Brittain, 2015In South Africa, recent
taxonomic work has documented 11 families, 47 genera and approximately 102 species of
mayfly. Ephemeroptera undergo a hemimetabolous life cycle, meaning they hatch from eggs,
grow, and mature as nymphs (by moulting several tingggnges from 1660 moults have

been recorded) and emergas adults without a pupal stage (Barb@ames & LugOrtiz,

2003; Barbetlameset al., 2008;Sartori & Brittain, 201p There is large diversity in the
external morphology in the order Ephemeroptera whishuseful for taxonomy and for
understanding how certain feeding adaptations facilitate efficient feeding in the various
habitatsin whichthey occur Barnard, 1932Brown, 1961; McShaffrey, 1992; Barklames

et al,, 2008; Arimoro & Muller, 2010).

Ephemeroptera are key primary consumers in South African rifeey are used as aquatic
biomonitoring indicators due ttheir interspecific variation in ecological tolerance that make

them good indicator taxa (i.e. some taxa can occur in degraded environments, others cannot,
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hence the composition of the mayfly assemblage informs us on the quality of the habitat)
(Barnard, 1932Hubbard & Peters, 1978; Moa al., 1997; Lugdrtizet al, 2000; Dickens
& Graham, 2002; Barbelames & Lug®rtiz, 2003; Menetregt al., 2008; Arimoro & Muller,

2010; Pereirada-Conceicoat al., 2012)

The exclusive focus on late instar nympimgmphs with visible dark forewing pads folded over

the mesothorax, are indicative that they are final instar (Sates.,2018) in this study is for
standardisationallowing for aalysis and comparison at the same life stagayfly nymphal

life stages have digestive systems and mouthparts, whereas the winged life stages are only
alive forhours up to a few dayafter emergence from their nymphal stages and contain
neither mouthparts nor a digestive system thgey specialise in dispersal and reproduction
only (Hubbard & Peters, 1978; Barbéameset al,, 2007; Barbeflameset al., 2008; Jacobus

et al, 2019).

Macroinvertebrate functional feeding groups

The classification of macroinvertebrates into functional feeding groups (FFGs) examines the
behaviour and morphology of macroinvertebrates and how these behavioural and
morphological traits are linked to the modes in which macroinvertebrates acquire fthr
(Cummins & Klug, 197Merritt et al., 1996; Wallace & Webster, 199Bumminset al., 2005;
Sartori & Brittain, 201p It provides information abouthe available food organisms are
feeding on in their habitat, how their mouthparts are suited for e@ntfeeding material types

and the condition of the ecosystem (Kiegal, 1988; Faith, 1990; Cummies al., 2005;
Tomanoveet al,, 2006; Arimoro, 2007ummins (1973, 1974) created FFG classifications for

macroinvertebrates, namely: scrapers, filterers, shredders, gatherers, and predators.
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Lenat and Barbour (199 describe the functional feeding group classification as an extension
of the River Continuum Concept (RCC) (Vannote, 1980)fuhiceonal group dominance
exists in a gradient within a freshwater system. The proportions of various feeding groups
(e.g. scraper, grazer, filterer) often vary moving from smaller tributaries into larger
mainstemsThis makeshem ideal for compaative studiesbetween catchmentand forlong

term water quality monitoring(Robaclet al., 1969; Dale & Clifford, 1976; Green & Vascotto,
1978; Kinget al., 1981 Matthewset al., 1982 Furseet al., 1984; Wrighet al., 1984; Marchant

et al,, 1985;Faith, 1990Palmeret al., 1993ap; Palmeret al., 1996 Schael, 2005; Kenney

al., 2009.

Therelativedominance or change of a feeding group can be indicative of a habitat change or
a change in stream ordee..a marker to indicate the moving from a first order stream to a
fourth order stream) l(enat & Barbour, 1993When there is a change in feeding group type
within a system or from one system to another it is useful to investigate other enviornmental
factors that may be contributing to the shift such as changes in canopy cover, riparian

vegetation and substratek{nget al., 1988;,Cummins, 1973;enat & Barbour, 1993

Additionally, the FFG classification is useful in identifying interrelati@tseen structural
components of an ecosystem (community structure, biomass distributions, distribution of
nutrients and ranges of physiahemical parameters) and functional components (energy
flow and regulation through the trophic levels, nutrient cggli biological and ecological
regulation) Cummins & Klug, 197MMatthews et al., 1982;Ramirez & GutiérreEonseca,

2014).

For examplethere may bea system containing scrapers, grazers, and filter feeders with

varying habitat sensitivities\ hydrological biotope assessment will indicate that in the river
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there are various ideal habitats for these functional feeders to thrive in: there are cobbles and
bedrock with deposited feeding materiadiatoms, and algae¢ habitat for scrapers and
grazers to thrive; and there are stones in rapid current that have lightly accreted feeding
material that is constantly suspended into the water column for capture and consumgtion
habitat for filter feeders. Additioally, with measures of water quality parameterssp
denoted asphysicochemical variables) for each of thdseding groups to inhabit these
waters their range of ideal physicochemical tolerances exist. These parameters in the right
concentrations allow for primary producers to exist in the system as not only a food source
for macroinvertebrates but for other sendary and tertiary consumer3his example can
continue to expand, and new connectionse madebetween organismas one moves up the

trophic ladder.

General mouthpart components of final instar mayfly nymphs

Nymph mouthparts consist of various structures. The labrum (upper lip) forms the upper
border of the mouthg a flaplike structure; paired asymmetrical mandibles (jaws) are used
for crushing, scraping, cutting, or piercing food; paired maxillae have arsefiusiction, often
bearing a long, segmented palp; on the unpaired hypopharynx is a tdilgustructure; and
labium (lower lip) with paired appendages called paraglossae covered in setae (stiff hairs).
The maxillary and labial palps are used for toughtasting, and manipulating food (Figures

1-4) BarberJames & LugOQrtiz, 2003.
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Figurel. Thehead of an ephemeropteran nymph. A: head, ventral view, indicating position
of various mandibulate mouthparts;-B: ventral viewof all mouthparts; B: labrum; C: right
mandible; D: left mandible; E: right maxilla; F: left maxilla; G: labium; H: hypopharynx (found
beneath the labium) (reproduced from Barbdames & LugQrtiz, 2003).

Additionally, mayfly nymphs have distinguishing characteristics, namely: compound eyes that

develop into turbinate eyes (a signature characteristic in males of some species of mayfly);

ocelli are lightsensitive appendages on the head; slender antennaesémsory functions;

well-developed legs; forewing pads with hidden hindwing pads; variously developed and

orientated abdominal gills; two or three caudal filaments (tails or cerci) and one medial caudal

filament; and chewing mouthparts (Barbéames & LugQrtiz, 2003) (Figurg).
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Figure2. Features of a typical ephemeropteran baetid nymph. A: dorsal view of nymph; B:
leg (reproduced from Barbelames & Lug@rtiz, 2003).

Information about the study families

Baetidae are a diverse group that follow the generalist morphologies described above for the
family. Heptageniidae is an abundant and diverse flatheaded mayfly family with distributions
throughout the world (Figure 3) consisting of about 59 genera, 1506 species 66
subspecieswith six heptageniid species recognised in South Afii¢abb, 2007). Aey are

often found in riffles, withfemalesbeinggenerally larger than malesbody length ranging

from 1011 cm(BarberJames & LugQrtiz, 2003) The larva are found to primarily feed on
periphyton and detritus (McCaffer§ Provonsha, 1986). THiamilyis used in biomonitoring
assessments as they are sensitive to anthropogenic activity (Webb, 2007). Heptageniidae

consists of four subfamilies, namebAneporinae, Pseudironiae, Arthropleinaand
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Heptageniinae (Jensen & Edmunds, 1973Jhese families are generally widespread

throughout subSaharan Afric@lensen & Edmunds, 1973).

Figure3. Heptageniiodnymphmorphological features. A: whole nymphgHE: gill; F: maxilla;
G: mandible (reproduced from Barbdames & LugOrtiz, 2003).

Seciesfrom the family Oligoneuriidaare distinguished from other species byarina on

the head They arefound in fastflowing streams at high elevationsvith mature nymphs
growing to30 mm (3 cm) in size and are found in every continent around the world (except
Australia)(BarberJames & Lug@rtiz, 2003) Oligoneuriids have two rows of setae on their
forelegs (Figurd), sometimes with a row of microtrichia grouped in bunché&sng the setae
(Elpers &Tomka, 1995). They are found only in sections of rivers with highly oxygenated

waters (Arimoro & Muller, 2010).
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Figure 4 OligoneuriidElassoneuriap.morphological features, A: whole nymph; B: details of
foreleg; G D: gill; E: labium, showing fusion of parts; F: maxilla, showing fibrilliform tuft
(reproduced from Barbedames & Lug@rtiz, 2003).

Taxonomic diversity of study species

There have been numerous studies on families within the order Ephemeroptera to better
understand the relationships between and within families through cladistical analygges (e
Spieth, 1993; Wang & McCafferty, 2004, Ogden & Whiting, 28086;& McCafferty, 2008
Ogdernet al., 2009; Sartori & Brittain, 201&attolliatet al., 2018;Caiet al., 2018). Within the
suborder Pisciformaomprising of anonophyletic group consisting of three families namely
Baetidae, Heptageniidae and Oligoneuriidae (FighreAll three families have the same

common ancestor and were choséor this study as they alikely evolved from a common
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ancestor with a common mouthpart plan that has since diverged through ecological

pressures.
_ — | Leptophlebiidas
-
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Figure 5Ephemeroptera family tree with monophyletic clade containing descendants from
the Pisciforma suborder (orange) (SartorB&ttain, 2015) (figure adapted from writings by
Fry (2021)).

The three study specied this thesisare Afroptilumparvum(baetid)(Gillies, 199Q)Afronurus
barnardi (heptageniid)(Schoonbee, 19683nd Elassoneuria sgW) (oligoneuriid) (Gillies,

1974; Agnew, 1980Yhey were collected from both the Magaliesberg (M) and Waterberg (W)
catchments (sestudy sites and study speciesGnapter 2). The species collected from each

of the localities in this studwere RSy 2 1 SR ¢ A (I K(Tablg 1) THis Sud@rike® 2 Q
within-species comparisonsA( parvum compared between the Magaliesberg and the
Waterberg) andbetweenspecies comparisons made with species of known FFG status
studied by Palmeet al. (1993a, b) namelyAfroptilum excisum Afronurus harrisonand

Neurocaenis reticulatélTable 1) These taxaerve as comparativeroxy taxafrom the same
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genusas the model study specieer asa representative taxon collected from the Buffalo

Riverg A i K

AAYAE N Y2dzi KLI NI

a G NHzO G dzNB a o

a LINE

that is different from the model species of this study and is in a comparable environment with

a comparable ecology. Since it was unknown whether the model speciesrchasild have

a comparable ecology or not, taxa were collected from the same genus where passible

AfroptilumandAfronurusg and from reading the literature idorythidae has some taxa with
comparable ecology to taxa from Oligoneuriidagherefore Elassoneurias compared to

Neurocaers. This comparison wilhvestigatewhether the classifications will be the same

between comparedspecies collected from different localitiesd explore themplications

should the compared taxa belong to different functional feeding groups

Additionally, 2322 mouthpart microstructure measurements wedonefor each species for
comparisonbetween model specieand for FFG classification. These measurements were

adapted from work done by Banegatsal. (2020) onthe mouthpart morphology and food

habits of aCloeon dipterunpopulation from Buenos Ariea\ppendix ¢

Tablel. Rivers sampled and species collected from the Magaliesberg and Waterberg catchments, with
findings from the Buffalo River, Eastern Cape taxa for comparison and their respective FFG
classifications (Palmext al,, 1993a, b).

Elassoneuria sgW)

Location Magaliesberg Waterberg Eastern Cape
Rivers sampled| Sterkstroom/Maretlwane Lephalala Buffalo
Study sites A-B GD 1-13
Afroptilum excisum
Afroptilum parvum | (It wasCentroptilum excisurat the
W) time of publication by the author)
[FFG: gatherer]
Study species . Afronurus barnardi | Afronurus harrisoni
and known Afroptilumparvum(M) (W) [FFG: scraper]
FFGs Neurocaenis reticulatéfamily

Tricorythidae), different family to
Oligoneuriidae but similar feeding
apparatus

[FFG: passive filterer]
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Thesecond chapter ithis study examingthe mouthpart morphologyf Afroptilum parvum,
Afronurusbarnardiand Elassoneuria sprhe aim of this chapter was to classify nymphs of
these mayfly species commonly found in the headwaters of the Magaliesberg and Waterberg
tributary catchments (western Limpopo River basin) into Fb&ed on their mouthpart
morphology. This was achieved by the creation of four objectives dealing with, (1) nymph
species identification through dissection; (2) the analyses of whether all species show distinct
and divergent characteristics; (3) to detemai whether Afronurus barnadi (W) and
Elassoneuria sp (W) show convergent mouthpart morphology when compared to
same/representativéaxa of known FFG status from Palreeal. (1993a, b) and; (4) whether
three congeneric taxafroptilum excisumA. parvum (M)andA. parvum (W)which are similar
morphologically and ecologically would still fall into the same FFG and what that infers about

their feeding niches.

The third chapteivestigates the degree of dietary variability betwemparvum (M)andA.
parvum (W) respectivelycollected from headwaters of the Magaliesberg and Waterberg
tributary catchments. The primary objective uses the mouthpart morphology results from the
previous chapterdetermine whether there is significant difference in drivers causing
morphological variatiorwithin a species, from different regions, anfdthis is linked to

significantdifferences in diet.
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Chapter 2: Mouthpart morphology

Introduction

Macroinvertebrates and functional feeding groups (FFGS)

Macroinvertebrates are abundant and diverse primary consumers that modify and regulate
ecosystems through processes such as material transport, provision of ecosystem services
and ecosystem engineerindVallace & Webster, 1996; Covieh al., 1999; Jacksost al.,

2020)¢ thus mediating essential river procesg®¥illiamset al., 2004; Dudgeoet al., 2006;
Ramirez & GutiérreEonseca, 2004 Understanding their feeding behaviours, habitat and
food preferences help us infer their function within their ecet®ms (Merrittet al.,, 1996;

Baptistaet al., 2006; Ramirez & Gutiérr&onseca, 2014).

Macroinvertebrate community structure is dependent on the availability of ideal habitats in
variousbiotopes and the feeding relationships between and within different speaesrder

to infer community structure and the roles played within an ecosystem (Varetaik, 1980;
Baptistaet al., 2006; Wolmaranst al, 2017) Macroinvertebrates are useful for detecting
levels of disturbance in both lentic and lotic ecosyste(igallace & Webster, 1996;
Mandaville, 2002; Hauer & Resh, 201TMey are direct regulators of the nutrient cycle, as
they ingest particles, process them metabolically and excreteienitrich byproducts that

are essential for plants within their ecosystems (Anderson & Sedell, 1979; étadll J2007;
Ramirez & GutiérreEonseca, 20%14Fierro et al, 2015. Nutrient cycling is a process
facilitated by macroinvertebrates, and without this process plants and other animals would
be unable to utilise or live in these water bod{€&ummins, 1973; Anderson & Sedell, 1979)
S, when there is a loss of that species or an increase in the population size they can be

indicative of a disturbare in their habitat (Johnsoet al., 1993; Mandaville, 20023) this is
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useful in infering river health based on the number of taxa, abundance and biotope they were

collected from in each aquatic region (Dickens & Graham, 2002).

Criticism in the literature of FFG classification systems

There has been criticism in the literature from southern hemisphere ecologists of the North
American FFG classification system (Cummins 1973, 1974; Vaetnalgl980; Merritt &

Cummins, 1984), as southern hemisphere ecologists have found that although these
classification systems were stated to be useful universally they were not useful in a southern
hemisphere river context as they yielded different results lazal southern African
classification systems (e.g. Winterboughal.,, 1981; Kinget al, 1988 t I £t YSNJ 3 h QY !
1992; Palmeet al.,, 1996; Ramirez & GutiérrEonseca, 2014). Kirgg al. (1988) studying
macroinvertebrate community structure and FFGs in Langrivier, South Africa, found that
GKSY dzaAy3d aSNNAGG YR /dzZYYAYyaQ omgpynO CCD ¢
classification method, the results differed substantiailythe results of the proportional
percentage of FFG groups in the Langrivier when using the local method (King et al., 1998)

and the method created by Merritt and Cunmsi(1984) were so different that it questioned

the validity of each of the classification method$ese same authors have questioned how

different the northern and southern hemisphere rivers and their community structures must

be to yield such different results or if rather there is an error with the classification system?
(Winterbourn et ald X Mpymo® tFfYSNI IyR hQYSSTTS O
macroinvertebrates found in the Buffalo River, Eastern Cape into FFGs by investigating the
feeding materialconsumed rather than the mechanism of food uptake, which is a slightly

different angle to previously practised methods of FFG classification in the literature.
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The largest controversy in the literature is the definition of the FFGs and which mouthparts
or feeding behaviours and preferences are important to consider in ¢kassification

0. FNXYdzi I = mMdpyy T t I YSNa (2006 ¥n8 Sainfed al. (190Q0pH O D
found that the labium and maxilla were the mouthpart structuvagh important information

on feeding strategy, thus making them the most useful microstructures to observe when
classifying macroinvertebrate nymphs into FFGs. The maxillahyadmal palps have been
described to be used for touching, tasting, and manipulating foodss all species of insects

(BarberJames & LugOrtiz, 2003).

As a consequence of this methodological controversy an additional goal of this study will be

G2 RSOGSNXYAYS AT GKS dzaS 2F [/ dzYYAYyaQ o6mMPpros w
of FFG classification are appropriate for classifyimgeglhkommonspecies oEphemeroptera

from South African Savanna streanmséo established FFGénvestigation intowvhether the

North American classification system is too breadneeds to be reevaluated and modified

per regionto be useful in a southern African river contéx, however, beyond the scope of

this thesis.

Predominant FFG classification types in the literature

In the literature FFG classifications are derived from three sources, namélyestigation
into mouthpart morphologyKinget al., 1988;Palmeret al., 1993; Baptistaet al., 2006) gut
content analysigGray & Ward, 197.9Sephton & Hynes, 198Feminella & Stewart, 1986
Kinget al., 1988; Walkeet al.,, 1988;Palmeret al.,, 1993aWdgerbauer & KellQuinn, 2013
or feeding behaviour experiments I £ YSNJ g h D Mdv&verfier® is siffoduty in
observing feeding behavio(feeding behaviour trials were run for this stuggee Appendix

B) in macroinvertebrates because theare small, fasmoving organisms so analysis of gut

29



content has become the preferred method for assessing feeding material in conjunction with

mouthpart morphology in determining FFGs (Keagld> Moy y T tFf YSNI 3 hQYS

Aims,objectives and hypotheses

The aim of this chapter was to classify nymphs of magglciescommonly found in the
headwaters of the Magaliesberg and Waterberg tributary catchments (western Limpopo
River basin) into functional feeding groups (FFGs) based on their mouthpart morphology. The
project focused on baetidfroptilum parvum(M), baetid Afroptilum parvumW),heptageniid
Afronurus barnard{W) and oligoneuriidElassoneuria sgW) which are recognised primary
consumers of fine particulate organic matter (FPOM) and algae, th 8éuca BarberJames

& LugaOrtiz,2003. Observations of mouthpart morphology of these Savanna mayfly taxa
were contrasted to those of same aimilar proxy taxa collectetom the Buffalo River
(Palmeret al.,, 1993a, b), to determine whether the FFG assignment (modified by Patmer

al., 1993ab) is consistent or different between the grassland/savanna ecoregions (Highveld,

Western Bankenveld, Waterberg) and the Eastern Coastal Belt ecoregion.

The followingfour objectives were pursued to classify the mayflies into functional feeding

groups:

Objective 1.Analysisunder the ZEISS Stereo Discovery V8 light microscope of gill structure,
overall body shape, size and microstructures were used to identifysgeeiesbased on

available taxonomic keys.

Objective 2.Comparison betweespeciedo determine distinctanddivergent characteristics
in their mouthpart morphology, through dissection and imagiligvas hypothesised that
these mayfly taxa would show differences in mouthpart morphology because their feeding

biomechanics differ.
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Objective 3 Investigate whetheAfronurus barnard{W) and Elassoneuria sgW) differ in
their feeding morphology tproxy taxa withlconfirmed FFG status in the Buffalo River, Eastern
Cape. It was hypothesised that taxa occurring in the Waterberg would show convergent

mouthpart morphology with the proxy taxa found in the Buffalo River.

Objective 4.Investigate whether three congeneric taddroptilum parvum(M), A. parvum
(W)andA. excisunBarnard 1932 (from the Buffalo River, Eastern Gapalmeret al., 1993b)

¢ which are similar morphologically and ecologicaliyould fall into the same FFG and what
that infers about their feeding niches. Information on FFG and mouthpart morpholody for
excisumwas taken from Palmaat al. (1993Db). It was hypothesised thatecies from the same
genus that arenorphologically and ecologicaymilar,from three different localitieswill fall

into the same feeding niche.

Materials and methods

Study catchment

The Waterberg catchment is located within the Waterberg Biosphere Reserirethe
Waterberg District of the Limpopo Provin@aberet al, 2003) The Waterberg is a sandstone
massif that is drained by the Matlabas, Mokolo, Mogalakwenalaphalalgperennial rivers

and is characterised by Moist Mountain Bushveld vegetafiieynhanst al., 2005; Poal
Stanvliet, 2013)These streams comprise the unique Waterberg aquatic ecoregion of South
Africa (Driveet al, 2011). Th&Vaterberg BosphereReserve has been a site for tourism and
environmental education for many yeaiBaberet al,, 2003) Afronurusbarnardi Afroptilum

parvumand Elassoneuria spvere all collected from this region.

The Magaliesbergnountain ranges drained by the Gwathle River catchment in the Bojanala

district of the North West Provincd his catchment falls within the Western Bankenveld and
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the Bushveld ecoregions and is fed by two major tributaries, the Sterkstroorilaretlwane

rivers, before it joins with the Crocodile (West) River catchment at Roodekoppies Dam.

The Magaliesberg range contains noféiting kloofs with perennial streams, tlegestbeing

the Sterkstroom River, which rises on the slopes between Breedtsnek and Olifantsnek
(Carruthers, 2014)The Sterkstroom drains into the Buffelspoort Dam, which was completed
in 1933 (Carruthers, 2014)The Buffelspoort Dam water is used to irrigate citrus, maize,
wheat, and barley farms, and is a fishing and recreation attradfiwalmsley & Toerien,

1979).A. parvumwas collected from this region.

Study sites

The study sites (®)were all pristine riversupstream ofthe mines (Glencore, Tharisa and
Lonmin Mines) with minimal agricultural impact, inside the Magaliesberg Biosphere Reserve
(Figure 6JESRI ArcMap 10.5.1 was used to generate the study site Alapjevious studies,
including those conducted in South Afri¢ar(get al., 1988; Palmeet al., 1993a, 1995 have

used neadpristine headwater streams, not urban rivers for analysing freshwater species and
classifying them into FFGs. In addition, toHection of heptageniidAfronurus barnard{W)
Lestage, 1924nd oligoneuriidElassoneuria sgW) Eaton, 1881were collected from the
LephalalaRiver in the Waterberg catchmen&froptilum parvumwas collected from the
Magaliesbergatchmentg study riverswere the Sterkstroom an#laretlwanerivers (Figure

6).

Mayfly final instar larvae were collected in the middle to end of the wet season in April/May
HaumM FNRBY (GKS {GSNJadNRB2Y OHpcpnQunoné {2
OHpcnnNnQHupPANéE {3 HTconQpdpHé Otherhefssaniplsd al I | f
were at high summer base flogithis affected the ability to access the whole stream but did
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not impede collection of specimenadditionally, samples were collected from two sites on
the LephalalaRiverHoc pH Qno ®dcy € { X HY c HHYQuHDop QindkdnTE HIoUC |

Waterberg catchment in February 2022 just after the heavy rains.

Limpopo

North West Mpumatanga

Gauteng

0 200 400 800 1200 1600
Kilometers

Legend

®  Study sites

Rivers

I:I Provincial boundaries

Figure6. The location of the four sampling sites with two in the Magaliesberg catchment, one
on the Sterkstroom river (A), one on the Maretlwane river (B), and two sampling sites on the
Lephalala river (C and D) in the Waterberg catchment.
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Study species
The baetid genuéfroptilum Gillies, 1990 (previousi@entrgtilum Lestage, 1924) has been

studied in Northern hemisphere river networks (Geagan, 1963; Lowen & Flannagan, 1990;
McCafferty & Waltz, 1990; Wiersema & Burian, 1999; Fairat, 2006; Weaveet al., 2015),
with some research done on this genus in parts of Africa (Soldan & Thomas, 1985; Gillies,

1990, 1991, 1992; Lugortiz & McCafferty, 1996) and South Africa (Paletal., 1993a, b).

Afroptilum parvunm(order Ephemeropterajasa focalspecief this project as it iacommon
speciedound in river catchments thadre congeneric toA. excisumwhich is a common local
species in South African streanka(meret al., 1991, 1993a, Palmer, 1994 In addition to

A. parvum(W) and A. parvum (M) being studied, two additionadpeciesAfronurus barnardi
(W) and Elassoneuria sgW) nymphs from the Waterberg were characterised and classed

into functional feeding groups based on their mouthpart morphology.

Collection of final instar mayfly larvae and their preservation

Sampling was done using kick netting with the standard SASS5 net (Imm mesh on a 30cm
frame) ¢ this was done working upstream in fast flowing riffles, marginal vegetation, and
stones in current to get maximum specimen numbers at each site (Dickens & G20G2,

All samples collected in the field were preserved in 70% ethanol and later replaced with fresh
70% ethanol in the lab upon return from the fieklnal instar larvae were identified as larvae

with dark overlapping forewing pads on the mesothorage(BarberJames & LugOrtiz,

2003 Salleset al, 2018). All measurements were corrected for alloméby dividing each
measurement by head widtfhw?2)) to account for individual variability within the speciédl.

specimens were submerged in deionised water for approximately one minute for the sample
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to rehydrate before dissection and identified using the Water Research Commission (WRC)

Guide to the Freshwater Invertebrates of Southern Africa (Balberes & LugQrtiz, 2003).

Mouthpart measurements of final instar mayfly nymphs

To identify and measure the various mouthpart structures a total of five lasaach species

from both catchments were dissected under the ZEISS Stereo Discovery V8 light microscope
using a dissecting needle and insect pin with the mouthparts individually placed on slides and
fixed using DPX mounting media. Thereafter, microstructures were meésising the ZEISS

Axio Imager M2 upright microscope at magnifications of 100X and 400X and imaged using the
ZEISS sixegapixel Axiocam 506 colour microscopenesa. Additionally, the final instar
nymphs were dissected and imaged under the Phenom Pure Desktop Scanning Electron
Microscope (SEM) to obtain images of finer details of the microstructures to compare
betweenspecieqFigures 120).No dehydration or sputter coating preparation was needed

for use of the desktop SEM, samples were dissected under the ZEISS Stereo Discovery V8 light

microscope and placed onto aluminium stubs and viewed.

Following the methodology of Banegasal (2020) on the mouthparts dfloeon dipterum
(Appendix ¢; measurementdrom each speciewere taken of the: head (Figure 7), labium
(Figure8), hypopharynx (Figure 9), labrum (Figure 10), right mandible and left mandible

(Figure 11)andmaxilla (Figure 12)

The largest controversy in the literature is the definition of the FFGs and which mouthparts

or feeding behaviours and preferences are important to consider in this definition (previously
RAaOdzaaSR Ay GKS € A0SNI (dzNE BBIB2A). Baptistadal. | NI dzi |
(2006) and Palmeet al. (1993b) found that the labium and maxilla were the mouthpart

structures containing important @icationon feeding strategy, thus making them the most
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useful microstructures to observe when classifying macroinvertebrate nymphs into FFGs. The
maxillary and labial palps have been described to be used for touching, tasting, and

manipulating foodBarberJames & Lug®rtiz, 2003) and are further described in the results.
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Figure 7Images, from the light microscopef, the head

measured for aAfroptilum parvum(W), b) Afroptilum

parvum (M), c) Afronurus barnardi (W) and d)
Elassoneuria sgW). Baetid head diagram reproduce
from Salleset al. (2018) to aid with the morphologica
interpretation. Scale bars: a = 200 pmglls= 500 um, ¢ =
100 pm. Measurement lines on images correlate

Appendix GBanegagt al.,2020).
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Figure8. Images, from the light microscope, of labium measuredAfisoptilum parvum(M)
(a), Afroptilum parvum(W) (b), Afronurus barnardiw) Os Y FdzaSR f | 6 Adzy | yR
labial palp) andElassoneuria sgW) ¢l). Baetid &bium diagram reproduced from Salleisal.
(2018) to aid with the morphological interpretation. Scale bars = 200 um. Measurement lines
on images correlate tppendix GBanegagt al., 2020)
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Figure9. Images, from the light microscope, of hypopharynx measured féfraptilum parvum(M), b) Afroptilum parvum(W), c) Afronurus
barnardi (W)and d)Elassoneuria sgW). Baetid typopharynx diagram reproduced from Salktsal. (2018) to aid with the morphological
interpretation. Scale bars: a;cc= 200 um; b = 50 um. Measurement lines on images correlad@pendix GBanegast al., 2020)
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Labrum

distomedial

notch

FigurelO. Images, from the light microscope, of labrum measured féfeptilum parvum(W),b) Afroptilum parvumM), c) Afronurus barnardi
(W)and d)Elassoneuria sgW).Baetid Abrum diagram reproduced from Sallesal. (2018) to aid with thenorphological interpretation. Scale
bars = 200 um. Measurement lines on images correlatpendix GBanegast al., 2020)
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Figure 11.Images, from the light microscope, of left (top) and right (bottom) mandibles measuredfrigptilum parvum(W) andAfroptilum
parvum(M) (a-b), Afronurus barnard{W) (e¢d) andElassoneuria sgW) (ef). Baetid mandiblediagram reproduced from Salles al. (2018) to
aid with the morphological interpretatiarScale bars = 200 um. Measurement lines on images correl#&ppendix ¢Banega®t al., 2020).
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Figurel2. Images, from the light microscope, of maxilla measured fé&fegptilum parvum(M), b) Afroptilum parvum(W), c) Elassoneuria sp
(W) andd). Afronurus barnard{W). Baetid naxilla diagram reproduced from Salletsal. (2018) to aid with thenorphological interpretation

Scale bars = 200 um. Measurement lines on images correl®&pgendix GBanega®t al., 2020)

42



Data analyses ofiymph mouthpart measurements

Mouthpart morphometric data were collected from five final mayfly nymph instars for the
four speciesstudied. Means, standard error and minimum and maximum measurements
were tabulated for comparison betweesgpecies All measurements were corrected for
allometry to account for growth variability within thepecies gome final instars may be
smaller than others due to environmental stressors during developmght)dividing each

of the measurements by the head width (hw2)dapted fromToccoet al., 2019. PAST
(Hammeret al., 2001)was used to run a Principal Component Analysis (PCA) to determine
links between mouthpart morphometrics for easpeciesand their respective feeding groups

(the FFGs were allocated through analysis of data obtained in this chapter and compared to

classifications mentioned in tHaerature).

Thereafter, a ANCOVA was run in R Studio for average mandible length and width between
A. parvum(W) andA. parvum(M) as they were the main drivers of each principal component

in the PCA. The ANCOVA was run to investigate whether there was any significant difference
between the species whilst controlling for the effect of each of the mandible measurements.
Additionaly, an Ftest would show whether there was a significant interaction between

mandible length and width.

Moreover, maxillary palp length was also shown to be a strong driver of the principal
components. A comparison between the maxillary paipgths were compared from both

sites by use of atest.
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Results

Micrographs of mayfly nymph mouthparts

Micrographs of Afroptilum parvum (M) and A. parvum (W) showed unspecialised
microstructures. Incisors are short and blunt with outer incisors (yellow arrow) and inner
incisors (blue arrow) (Figure 13&froptilum parvum(M) and Afroptilum (W)K I & | & ( & LIS
Y2EF N &dzNF I OS¢ a2 YSiAYCRANINSHF SWNEMNS @bl QiKeSd
surfacewith numerous individual tubercules (Sroka, 2009) (Figures 13d and 17). The maxillary
palps ofA. parvum(M) andA. parvum(W) showeda simple thumbike maxillary palp with no

visible setae and are smaller size when compared t&lassoneuria sgW) and Afronurus
barnardi(W) Figures 14a and 20,). Sinkgarvum(M) andA. parvum(W) haveunspecialised

maxillary palpshey havemore complex labium with many differentiated parts. Although the
mouthparts are unspecialised, they do possess sdikapsetae on the apices of their glossae

and paraglossae (Figure 18) and bipectinate setae on the apices of the galea lacinia (Figure
15). InA. parvum(M) andA. parvum(W) thelabium consists of three parts: labial palp, glossa

and paraglossae with setae (Figure 14d).

The oligoneuriidElassoneuria sgW) and heptageniidAfronurus barnard(W) mouthparts

were more specialised than those foundAfroptilum parvum(M) and Afroptilum parvum
(W).Bothspecieshad more pronounced inner and outer incisors (Figure-¢3and different

molar surfacesElassoneuriasgW)g SNBE F2dzy R (2 KI @S WherethelS L L Y
ridges are marginally fused with namticulated teeth and overlapping neighbouring grooves

(Sroka, 2009)Figure 13f)Ridges and setae assist in tieenoval of waterfrom food particles

before ingestion (Sroka, 2009). The maxillary palpSlassoneuria sgW) are almost twice

the relative size of those found in botAfroptilum parvum(M) andAfroptilum parvum(W),
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coveredin many fine setae (Figures 14b and 19, Tabld3. Z'hedifferencein size and
presence of setae on the palpsflectsa change in the use and importance of the labifom
processing food particleMcShaffrey, 1992; Thomson, 2013pecifically achange from
brushing to filtering The labiundoes not havalifferentiated labial palps and paraglossae as
those seen irAfroptilum parvuminstead they ardused forming a platdike structure, with a
slit down the centre (Figure 14e). An additionally interesting observation iElh®soneuria

sp.(W)was the presence of two rows of long setae on ttiere-tibias.

Afronurus barnard(W) g SNBE F2dzy R G2 KIFI@S adellsS L Y2t N
spaces between individual ridges are filled by tiny hairs that are distributed evenly or in
groups (Sroka, 2009) (Figure 13e). The maxillary palps are highly specialised with chitinous
maxillary palps with setae on the apices of the palps (Figure 14c and 16). The labium shows
fusion of the glossae and paraglossae structures with a dense brush of setae along the edge

of the labialpalp (Figure 14f).

The hypopharynx forms the dorsal and posterior wall of the preoral cavity, consisting of the
lingua and superlingua (Banegasl., 2020). The linguae are on either side of the superlingua
and are wider than they are long. However, the superlingua is longer than it is wide in all four

speciedAppendixG).

45



inner
inc outer

¢ & inc
prost v /
P
molar area M} ‘

e

Right
mandible

Figure13. SEMMicrographs ofAfroptilum parvum(W) (a, d),Afronurus barnard{W) (b, €) andElassoneuria sgW) (c, f) mandibles. Top row
showing the inner incisors (blue arrow) and outer incisors (yellow arrow), with the bottom row showing the various molas (edite circle)
for eachspecies Mandibular setae can be seen between the inner and outer incisors. Scaledoarstz0 pum; d = 50 pm:fe= 300 pm.
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Figure 14 SEMMicrographs of labia and maxilla Afroptilum parvum(W) (a, d) Elassoneuria sgW) (b, e) andAfronurus barnard{W) (c, f).
Top row showing the maxillary palps and the bottom row showing the variation in the labial structures. Micrographs showesstaton
Elassoneuria sfW) maxillary palps (b) andfronurus barnard{W) maxillary palps with chitinous scrapers (c). The labial structures differ for all
three species with a more complex labium consisting of multiple part&fiaptilum parvum(W) (d); a fused tongudike labium in the
Elassoneuria sgW) (e); and a thickened labial palp with fusion of the glessad paraglossae structuresAfronurus barnard{W) ). Scale

bars: ab-c = 300 um; ¢f = 200 um; e = 500 pm.
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Figurel5. a) SEMMicrograph (340X) oAfroptilum parvum(W) maxillary palp with a tuft «
bipectinate setae on the apace of the galea lacinia. Scale bar = 300 um. b) Maxilla
reproduced from Sallest al. (2018) to aid with the morphological interpretation.

B, ~

Mag. FW HV Det. wp 2022-05-20 22:25
B0pm 1900 » 272pm Elew Image Mix 50% 8.238mm 19_H33_R2C1

Figurel6. Micrograph (1900X) of brush of setae (black box) found on the ridge of the maxillary
palp inAfronurus barnard{W).Scale bar = 80 um.
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Mag. FW HV Int. Det. wD 2022-05-20 19:25
80 um 1900 % 275um S5kv Image Mix 50% 8.053mm 19 _H33_R2C1

Figurel?. Micrograph (1900X) of tubercules (white circle) that makeAfptilum parvum
(W) molarregion. Scale bar = 80 pm.

Mag. Fw Int. Det. wbD 2022-01-20 14:42
2550 x 203 pm Image Mix 51% 8.203mm Leaf stock

Figure 18. Micrograph (2550X) of the bipectinate setae (black box) on the apices of the
glossae and paraglossaeAfroptilum parvumM). Scale bar = 50 um.
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FwW Int. Det. wbD 2022-03-01 12:19
555pum Image BSD Full 8.298 mm Leaf stock

Figure 19Micrograph (930X) showing thickened labial palp covered in set&#astoneuria
sp.(W).Scale bar = 150 pm.

Mag. Fw Int. Det. wp 2022-01-20 14:48
1500 x 345pm Image Mix 16% 8.212mm Leaf stack

Figure 20.Micrograph (1500X) of blunt thurnlike labial palp ofAfroptilum parvum(M),
covered in sparse short setae. Scale bar = 100 pm.
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Descriptions of head and mouthpart morphology
Afroptilum parvum(M) had anaverage head length (hl) of 974.0 um (x 92m) which was

relativelya third larger than that oAfroptilum parvum(W) averaging 680.5 pum (£202.8 um)
(Appendix D). Additionally, therelative head length of Afronurus barnardi(W) and
Elassoneuria spwW) average®33.63um (37.7um) and 1132.0 um (x 142.6 um) respectively

(AppendixD).

The labrum for al§peciesvas wider (lw) than it was long (I11, 112 and II13) with setae varying
from short inAfroptilum parvum(M), Afroptilum parvum(W) and Afronurus barnard{W) to
long inElassoneuria sgW) (Figures P, AppendixE). The left and right mandibles for all
species like the labrum, were wider than they were long with the mandible widths (rmdw,
Imdw) being between 2.5 times the mandible length (rmdl, Imd\gpendixF). Having
explored the role of both labrum and mandible mouthparts rielative interspecies

comparisons no further analyses were done on these structures.

The labium consists of the paraglossae, glossae and labial palps. The labiuntHoeeall
speciesis longer than it is wideThe labial palpsvere relatively thelongestin Afronurus
barnardi(W) at 822.2 um (x 157.9 um) andlatively smallest inAfroptilum parvum(W) at
241.4 pm (x 27.1 pm)Appendix H). Moreover, therelative paraglossae and glossae
measurements vary substantially betweepeciesmainly due to the fusion of these
structures inElassoneuria sgW) (Figure 11e Appendix). On average they are longer than

they are wide in allhree species

Therelative maxillary palpmeasurementdor all four speciediffered with Elassoneuria sp.
(W) and Afronurus barnard{W) havingthe largest maxillary palps compet to Afroptilum

parvum(W). The cumulativerelative length of the maxillary palps is the largestAfronurus
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barnardi (W) (AppendixJ. Afroptilum parvum maxillary palpdength show highvariation
betweenlocalities¢ the relative minimum and maximum maxillary palp lengths and widths
had high variation(AppendixJ). This variation was investigated by use of a Principal

Component Analysis (PCA).

Principal Component Analysis (PCA) of nymph mouthpart microstructures

measured

A Principal Component Analysis (PCA) was performed to determine whethetenrsypecific
variations inmouthpart measurements refleetl aspecied=FG classification or not. Twenty
two measurements were pludedinto the PCA with all folspeciegFigure 21A) and twenty

one measurements wenesedin the PCAomparingAfroptilum parvumW)to A. parvum(M)
(Figure 21B). Distinct clusters can be seen of thedpacieswvith the cumulative percentage

of PC 1 and PC 2 accounting for 93.50% of the variance in thgFgtae 21A, Tabl2).
Afronurus barnard{W) split strongly fromElassoneuria sgW),Afroptilum parvum(W) and
Afroptilum parvum(M) alongPC 1 (Figure 21A). This was due to left (Imdw, Imdl) and right
(rmdw, rmdl) mandibles, labial palp length (Ipl) and labrum width (Iw) being strong drivers on
the first component (Tabl@). There was some overlagbservedbetween Elassoneuria sp

(W), Afroptilum parvum(W) andA. parvum(M) along PC 2.

Followingthe first PCA (Figure 21A) an additional PCA was run (Figures 21B) to better visualise
and assess which mouthpart measuremewtse distinguishing théwo regional samples of

A. parvum The PCA biplot showing the groupingé&.gfarvum(W)andA. parvum(M) (Figure

21B) had both PC 1 and PC 2 cumulatively account for 97.66% of the variation in the data
(Table 3b) TheAfroptilum parvum(M) is completely nested iAfroptilum parvum(W) along

PC 2 with the maxilla palp length (mpl2) and left (Imdw, Imdl) agtt (rmdw, rmdl)
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mandibles having strong effects on the data (Figure, ZHble 3. There is a greater variation
in mouthpart measurements iA. parvum(W) when compared to the narrower variation in
mouthpart measurements of. parvum (M) indicating variation within the species from

different localities but not enough to differentiate into separate FFGs.

A Elassoneuria sgW)
Afroptilum parvum(W) -
’T‘PWI///mpH Afronurus barnardfw)
_—Ipt
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-204
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Figure 21 Clustering of (AAfroptilum parvum(M) (dots),Afroptilum parvum(W) (triangles)Afronurus barnardi

(W) (squares) anBlassoneuria sgW) (star), and (BAfroptilum parvum(M), Afroptilum parvum(W) according

to mouthpart morphology in a Principal Component Analysis biplot. Ellipses indicate significant (p<0.05)
clustering of species from both the Magaliesberg and Waterberg sites, relative to the different mouthpart
microstructures measurédwithin each of the two principal components.

1 gl glossae longgw: glossae widthhl: head long;hsl: hypopharynx superlingua longgsw: hypopharynx
superlingua widthlil: lingua longliw: lingua widthjl: labrum longjmdl: left mandible longimdw: left mandible
width; Ipl: labial palp longtpw: labial palp widthjw: labrum width;mpw: maxillary palp widthmpl: maxillary
palp long;pl: paraglossae longiw: paraglossae widthrmdl: right mandible longgmdw: right mandible width
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Table 2.Five of the 22 mouthpart microstructurémeasuredfrom each specigsheing the
main drivers of PC 1 and PC\aluesshown in boldindicate strong drivers within each

principalcomponent(See figure 21A)

Abbr. PC1 PC 2
gl 0.1097| 0.097895
gw 0.072382| 0.15867
hsl 0.10238| 0.064833
hsw | 0.077811| 0.14736
lil 0.20706| 0.13578
liw 0.24291| 0.25527
111 0.12703] 0.019556
112 0.14944| 0.093839
13 0.11777| 0.007466
Imdl| 0.11577| -0.22987
Imdw 0.35365| -0.33931
Ipl1 0.41345| 0.13485
lpwl 0.21869| 0.047258
Iw 0.4151| 0.093509
mpll 0.23449| 0.22694
mpl2 | 0.093777| 0.13947
mpwl | 0.19323| 0.23913
pl 0.14613] 0.050949
pw 0.11382| 0.081064
rmd| 0.12135] -0.34955
rmdw 0.36265| -0.55381
hi -0.02759| -0.28835

2 gl: glossae longgw: glossae widthhl: head long;hsl: hypopharynx superlingua longgsw: hypopharynx
superlingua widthlil: lingua longliw: lingua widthjl: labrum longjmdl: left mandible longimdw: left mandible
width; Ipl: labial palp longtpw: labial palp widthjw: labrum width;mpw: maxillary palp widthmpl: maxillary
palp long;pl: paraglossae longiw: paraglossae widthrmdl: right mandible longgmdw: right mandible width
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Table 3.Four of21 mouthpart microstructure$ measured forAfroptilum parvum(M) and
Afroptilum parvum(W), showing the main drivers of PC 1 and P& &uesshown in bold

indicate strong drivers within each compone(tee figure 21B)

Abbbr. PC1 PC 2
al 0.083667| -0.10444
gw 0.018704| -0.00373
hsl 0.18508| 0.04963
hsw | 0.073477| 0.11061
lil 0.20778| -0.13087
liw 0.13901| -0.03558
11 0.17234| -0.10692
12 0.16298| -0.01058
13 0.16757| -0.05849
Imdl| 0.23842| 0.21433

Imdw 0.46243| 0.64989
Ipl1 0.22238| 0.020018

lpwl 0.12298| -0.05229
Iw 0.28327| -0.10157

mpl2 0.11002| 0.34605

mpwl | 0.027203| 0.034612
pl 0.13144| -0.07696
pw 0.075944| -0.03133
rmd| 0.3038| -0.31023

rmdw 0.49833| -0.44594

Mouthpart variation

An ANCOVA was run to test variation in mandible length and width betwémptilum
parvum (W)and A. parvum (M) There was no significant difference in the mean mandible
length betweenindividuals from each site, however there was a significant interaction
between mandible length and width-(talue =1.52 p =0.17); as mandible width increases

length increases.

3 gl: glossae longgw: glossae widthhl: head long;hsl: hypopharynx superlingua longgsw: hypopharynx
superlingua widthlil: lingua longliw: lingua widthjl: labrum longjmdl: left mandible longimdw: left mandible
width; Ipl: labial palp longtpw: labial palp widthjw: labrum width;mpw: maxillary palp widthmpl: maxillary
palp long;pl: paraglossae longiw: paraglossae widthrmdl: right mandible longgmdw: right mandible width
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An Ftest revealed that there was a significant difference in variance between individuals from
the Magaliesberg and the Waterberg in terms of mandible length (Sum sq. = 0-08bieF=
75.42, df = 1, walue = <0.0001), with Waterberg sites having high@rnance among

individuals.

In addition, the #test comparing maxillary palp length between Magaliesberg and the
Waterberg showed that they were not significantly differenvélue = 2.11, df = 4-yalue =

0.07).

Discussion

This chapter aimed to classiffroptilum parvum(W), Afroptilum parvum(M), Elassoneuria

sp. (W) and Afronurus barnard{W) nymphs commonly found in the headwaters of the
Magaliesberg and Waterberg tributary catchments respectively (western Limpopo River
basin) into functional feeding groups (FFGs) based on mouthpart morphology. The
identification and description of microstrtures that differentiate species (and the
adaptations of these appendages to facilitate food uptake and ingestion) are important to

addressknowledge gaps regarding macroinvertebrate mouthpart morphology.

The first objective focused on mayfly nymph identification. The mayfly nymphs from both the
Magaliesberg and Waterberg catchments were classtiespecies except foElassoneuria
sp.(W). There have been potentially new species identified but not published (Agnew, 1980),
so determining this species was a challenge and was left at genusTlegBICA does not give
any evidence for taxonomic status Bfassoneuriasp. (W), as therewere no congeneric

species being compared to it.
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The second objective investigated whethbe different mayfly taxa examined showehy
distinct andor divergent characteristics in their mouthpart morphology. It was hypothesised
that these mayfly taxa would show differences in mouthpart morphology because their
feeding biomechanics dér ¢ three different FFGs have been identified namely scraper, filter
feeder and collectegatherer.The observations of these variations in mouthpart morphology

provide reasonable evidence to make inferences about thespective feeding groups.

Afroptilum parvum(M) and A. parvum(W) have simple maxillary palps with no visible setae
that arerelativelysmaller in size when compared to the two otreecies Maxillary palps

are used to assist in the ingestion of food. Although the mouthparts are unspeciased,
parvum(M) and A. parvum(W) have bipectinate setae on the apex of the paraglossae (Figure
18) and bipectinate setae on the apices of the galea lacinia (Figure 15) (Raahei993b).
These bipectinate setae are associated with trapping and retaining small food particles, such
as fine particulate organic matter (FPOM) (McShaffrey & McCaffed380; McShaffrey, 1992;
Baptistaet al., 2006). It seems thaA. parvum(M) and A. parvum (W) usethe setae on the
paraglossae to remove loose detritus from the substrate gnedmaxillae to manipulate the

food into the alimentary tract (Palmeat al., 1993b).Afroptilum parvum(W) and A. parvum

(M) have an unfused labium, with maxillary palps without setae on the apicolateral margin of
the palps, but bipectinate setae on the apices of the glossa and paraglossae and on the apex
of the maxilla. Based on these trasparvum(W) and A. parvum(M) havetherefore been
classified as collectegatherer functional feederg\lthough other species @froptilum, from

the Eastern Capejave been found in depositional biotopes like gravel, sand, and mud

(Palmeret al,, 1993b) andhe A. parvumfrom this studywere only found in the faslowing
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riffles of all the study sites sampled, fafjinto the gatherer feeding group. This indieathat

species from thé\froptilumgenusare not restricted to a particular biotope

An important feature to note is the position (marginally, dorsally, or apicolaterally) and type
of setae present on the various mouthpart structures (Thomson, 2013), more specifically
pectinate and bipectinate setae (McShaffrey, 1992). These two setae gEeassociated

with trapping and retaining small food particles. If setae are present on outer mouthparts
(those exposed to currents) or on forelegs, they are indicative of a filtering fungtetae

on forelegs are observed in various heptageniid atigoneuriid species (for example, like
those present on the forelegs &lassoneuria sgW)). The presence of these setae on inner
mouthparts (paraglossa, glossa, mandibles or maxilla) indicate where food is held during

processing (McShaffrey, 1992).

When examining the maxillary palpshaith Elassoneuria siW)andAfronurus barnardjw),

in the study by McShaffrey (1992), peposedthat an increase in size and number of setae
on the maxillary palp allows for efficieobllectionof variousfeeding materiad andallows for
feeding infaster flowingcurrents.It has been observed that ancrease in maxillary palp size
shows aredudion in size and number of parté the labiumg as seen irAfronurusbarnardi
(W) andElassoneuria sgW). As the maxillary palp increases in size andiaimation (e.g.
development of chitinous scrapers seenAfronurus barnardithe labium begins to fuse
together and is less complex (comparatively Adroptilum parvum (W), for example)
Theefore, thespecialisation of the maxillary palpsay be directly linked to thehangesn
the structureand overall usef the labium. The fused labium Elassoneuria sgW) fue to
larger more modified maxillary palps) has a reduced function when compared to the more

differentiated labium ofAfroptilum parvum(W)andA. parvum(M) by decreasing thamount
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of food collected and filtered bythe setae of the galea lacinia and the hypopharynx
(McShaffrey, 1992). Additionally, the presence of filtering setae along the margin of the fibula
and tibia of the forelegs are used to filter food from the water column, thus making it an
important trait when classifyindgelassoneuria sgW) as a filter feedei(McShaffrey, 1992
Whether or notElassoneuria sgW) is anactive or passive filter feeder is dependent on
groups of microtrichia present on the filtering setaegNsce & Merritt, 1980; Palmesat al.,
1993b; Elpers & Tomka, 1995; Baptistaal., 2006).It was uncleathow to determine if
microtrichiaare present or absertb determine passive or active filter feedinthere was no
distinct evidence in the literature on how they look or what are clear signs of presence or
absenceElassoneuria sgW) is a filter feeder that removes suspended particulate matter
from the current with its forelegs (Wallace & Merritt, 1980). An example of this filter feeding
behaviour $ exhibited byOligoneuriella rhenand&Family Oligoneuriidaegnd described by
Elpers and Tomka (199%)ligoneuriellarhenanause their meseand metathoracic legs to
hold onto substrate whilst filter feeding with their forearms. The head and front of the thorax
are lifted above the substrate to allow adduction of the forearms to filter feed in the fast
flowing riffles (AppendiR) whilst the body remains parallel to the substrate (Elpers & Tomka

1995,

Afronurus barnard{W) has apicolateral setae on the maxillary pakhjch are sclerotised.
The sclerotization oAfronurus barnardi (Winaxillary palps increases the feeding possibilities
as they are now able to scrape surfaces of rocks for feeding material. The macditdbear
off food like algal filaments, whilst also being able to gather/filter fine food particles into the
mouth from the substrate (Palmeat al., 1993b). Theresence of chitinous scrapeisswhat

classifyAfronurus barnardjW)asa scraper feeder. Additionally, because of the setae present
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on the apicolateral margin of the maxillary palps they can collect loosely deposited organic
matter on the substrate classifying them as brushers. Therefore, becaugdrariurus
barnardi 6 2 VaQility to both scrape and gather suspended material it is classified as a
brusher/scraper feedeiThe hypothesis in the second objective stated ttetse mayfly taxa
would show differences in mouthpart morphology because their feeding biomechanics differ
which has been shown in the descriptions of their mouthpartd the ways in which they use

these microstructures to collect and filter food. Therefore, failed to reject the null hypothesis.

The third objective focused on whethafronurus barnardiW)andElassoneuria sW)differ

in their feeding morphology to SEM images from taxa with confirmed FFG status in the Buffalo
River, Eastern Cape. It was hypothesiged Afronurus barnardiW)andElassoneuria sgW)

would show convergent mouthpart morphology witlvo taxa found in the Buffalo Rivais

they are living in similar habitats with similar feeding materidlse proxy taxa usedor
comparison from the Palmeet al. (1993a, b) study weréfronurus Harrison{proxy for
Afronurus barnardi(W)) and Neurocaenis reticulataproxy for Elassoneuria sp(W)).
Afronurus harrisonivas characterised by Palmetral. (1993b) as having bipectinate setae on
the labial paraglossae and labial palps, and chitinous maxillary scrapers and sparse short setae
on their maxillary palpslt was classified as scrger feeder Neurocaenis reticulatavas
characterised by Palmeet al. (1993b) as having long bipectinate setae on the labial
paraglossae, long filtering setae on both the labial palps and maxilla, and small bipectinate
setae on the maxillary palp#t was classified asan active filter feederFrom this study
Afronurus barnard{W) with its chitinous scrapers and bipectinate setaaselassified as
brusherscraper functional feedeilhe presence of long setae thre tibiaof Elassoneuria sp.

(W) are indicative of a filtering function similarly to the proxy teXaurocaenis reticulata
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(Tricorythidae) whichhaslong setae on the outer mouthparts for filtdeeding (McShaffrey,

1992; Palmeet al., 1993b). Thudt wasclassified as filter feeder. These results are all in
agreement with the findings from Palmet al. (1993 a, b). Therefore, failed to reject the null
hypothesis as feeding morphology does not differ to proxy taxa from Padinad o m o U Qa

findings.

The fourth objective investigated whether three congeneric takaptilum excisunftaken
from Palmeret al., 1993b) Afroptilum parvum(M) and Afroptilum parvum(W) which are
similar morphologically and ecologically woaltifall into the same FFG and what that infers
about their feeding nichesand/or the classification systeminformation on FFG and
mouthpart morphology forAfroptilum excisumwas taken from Palmeet al. (1993b).
Afroptilum parvum(M) andAfroptilum parvum(W)were characterised as collectgatherer
feeders. Palmeet al. (1993b) classifiedfroptilum excisunas a collectogatherer due to its
unspecialised mouthparts and the presence of bipecens¢tae which are indicative of an

organism that feeds on FPOM.

The definition of a niche has been confused, debated, and altered throughout the literature

(e.g., Grinnell, 1917; Stevenson, 1982; Holt, 1987; Haretoal., 2005; Whittaker, 1973;
Winemilleret al., 2015), but the definition that will be used, relative to this study, is that a

niche is the measure of resource utilisation by an organism (Holt, 1987). Hutchinson (1957)
created a concept that details the necessary factors that must be present faha to be

defined and distinguishable, and this is knowa a 4§ KS @G K& LIS N2t dzyYS O:
hypervolume concept dictates that a niche exists within a range of specific environmental
parameters necessary for an organism to optimally survive and thrivdroptilum excisum

Afroptilum parvum(M) and Afroptilum parvum(W) are present in differentatchments with
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similarecosystems (Buffalo River in the Eastern Cape, the Magaliesberg and the Waterberg)
within a broad range of physicochemical parameiges rivers of varying conditiomnd they
consume similar feeding material (gut contents were analysedfaptilum excisunin the
Buffalo River,all species consuming FPOM, fungi, diatoms, and filamentous algae (see
Chapter 3). Afroptilum parvum (W) and A. parvum (M) are two speciewith insignificant
variation between them. Those collected from the Waterberg system come from a larger
headwater stream with more variable habitat, whereas those collected from the
Magaliesberg catchment are from smaller headwater streams. Observingovledap
between species in the PCA (after allometric correction) the variation in mandible length and
width was found to be negligible between localities, with a strong interaction between length
and widthg as the width of mandible increases the lengthl wicrease proportionallyit was
hypothesised thatspecies from the same genus that ar@rphologically and ecologically
similar,from three different localitieswill fall into the same feeding nich®ased on these
results the hypothesisvas not rejectedasthese congeneric taxappeared tooccupy the

same feeding niche when there is high resource availability and ideal habitat for survival.

A study by Barmuta (1988) on organic matter and macroinvertebrates in an upland forested
stream in Australia (Melbourne, Victoria), found th#te FFGdefinition needs to be
standardised and clearly defined to make the accurate and appropriate observations and
inferences about functional community structure within streams and to be able to compare
with other studies. The question of what to consider impat when creating a definition of
what encompasses a FFG for a genus or species is still comiphexigh a clear definition

was not made in this studyCummins (1974) classification system weesfoundation from

which this study, Palmeet al., (1993a) and Schael (2005) usted make adapted FFG
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classifications for South African riveihe adapted FFG classification from Palreierl.,
(1993a) is what was used for FFG classification in this sthdylarge focus around the FFG
classification was adapted from Palmet al. (1993a, b) and primarily focused on the
mouthpart morphology and each of the functions of the available microstructures to provide
information to classify each speciego FFG. This study found thathe labia and maxilla
possesed microstructures that provide the most useful information on food uptake and

processing (Palmeat al., 1993b; Baptistat al., 2006).

There is, however, a need to address some of the criticisthe Northern hemisphere FFG
classification systenm the literature. It is true that there needs to beSauhern hemisphere

FFG classification system that encompasses clear definitions of feeding behaviours and
morphology that would clearly put an organism into a class (€ingl, 1988; Palmer &
hQYSSTFFSET mMdpHO & GKS AYyAGAFf CcCD Ofl aaAr¥Ta
representative of the species found in the southern hemisghaltbeit from the same genera.

Kinget al. (1988) discusses the core problem of the FFG classification cdme@gthat the

definitions of the functional groups are too vague. Katal (1988) discusses the need to

clearly differentiate whether FFGs are created with a focus on the feeding material or the
feeders (independent of their feeding material). The example the authors used was with the

CCD GaKNBRRSNE I { NBarysanclusize ofRiticislreditess feSding an & K NB
fSIrgSa IyR AT Al R2Sasx K2¢g A0 g2dzZ R 0S Of SI N
feed on leaves. If macroinvertebrates are useful in inferring the functionality of an ecosystem,

it is important to determine what is more important to infer the levels of functionatitthe

mode of feeding, or the particle quality and size of what is being consumed&{&hd.988).
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From the findings of this study and through examination of the literature, the mode of feeding
is seemingly more useful than the quality and size of the feeding material (Anderson & Sedell,
1979; Barmuta, 1988). In the examples from the literature of datability relative to FFGs,

the diet shift from early instar larvae to late instar larvae (also referred to as ontogenic diet
shifts) (Matthewset al., 1982; Kinget al.,, 1988;Lenat & Barbour, 1993Vlaseseet al., 2014;
Ramirez and Gutiérrdzonseca, 204, Banegast al., 2020) are not indicative of @hange in

the habitat, but only of a change in feeding material preference at a different life stage. If an
organism caught at the same instar stage (after a change to the habitat) exhibits changes in
mouthpart morphology, it is likely that something inethenvironment has caused an
FRFLIGF GA 2 Y etdl 2008, Parset-al,L BON Ganongt al.,2021). It igossible that

since aquatic organisms experience various disturbances (e.g. anthropogstidance,
floods, droughts, etc.) that observing organisms from the same species with variation in their
mouthparts are exhibiting phenotypic plasticity in response to their external environment.
Slection of advantageous features within the morphological variation preseit single
generation of a taxonleadto greater prevalence of that adaptation in the population of
subsequent generationsA strong enough environmental change or evenpotentially
caused by a change in timing of regular seasonadnts (e.g., seasonal rains) due to
anthropogenic activity, could cause dehaviouraladaptation to occuwithin a speciegor it

to survive. At different instar stages macroinvertebrates will have a shift in diet (ontogenic
diet shifts)g e.g., shift from herbivore&letritivores to carnivores (Feminella & Stewart, 1986;
Kinget al,, 1988). The stage that an organism is captured and analysed at is important and
will influence what FFG class it falls into. This then means that for one species there can be at

least two or more FFG classeésie to ontogenetic shifts in morphology.
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In conclusion, the functional feeding groups of the fepeciedrom this study, based on the
comparison to taxa collected from thgiffalo Rver (Palmeet al., 1993a), plac&lassoneuria

sp. (W), Afronurus barnard{W), Afroptilum parvum(W) and Afroptilum parvum(M) into the
feeding groups of filter feeder, brusher/scraper, and collegatherer respectivelyThe
consistency irthese threespecieSdinorphological features to those éfalmeret al. (1993a,

b) suggest this classification system is validmmins (1974) originally envisaged that FFGs
could add to what we know about various macroinvertebrates and their feeding behaviour.
This is true in part, but with a more explicit definition of FFGs they can tell us moigh m
Functional feeding groups can help to (1) add more information about the habitats the
organisms are found in; (2) help infer community population dynamics through changes in
relative proportions of available FFGs in a system; (3) determine levelstofbéince as
known bioindicators; (4) evaluate organic material presence/absence and its available size
classes through mouthpart specialisation and dietary analysis and; (5) asses for shifts in FFG
type dominance, which can be indicative of changes éhlysicochemical and physical river

habitat (Barmuta, 1988Palmeret al., 199§.

The findings of this chapteallow for one question:since there is no significawnlifference
between Afroptilum parvumfrom both regions dothese findingorrelate to differences in

gut contents?Theliterature usually investigates mouthpart morphology in conjunction with
gut content analyses, as discussed earlier in the chapter. Gut contents can add additional
evidence for the placement of a species into its relative FFG or at a minimum provide
information on the predominant feeding material ingested by a species. An investigation of

feeding material ingested by itspeciesollected will be covered iGhapter 3 of this study
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Chapter 3: Dietary differences iAfroptilum parvum

Introduction

The diet of aquatic organisms is important in understanding ¢kelogical stateof an
ecosystem, its processes and trophic energy cascades in a system (Koslucher & Minshall,
1973; Cummins, 1974). Cummins (1973) notes that there is variability in food habits of
macroinvertebrates, due to their habitat and the difference in the agekebrganisms. Food
preference has been described through investigation of particle size consumed and
availability of microhabitats, not just from the available feeding material (Gray & Ward, 1979;

Palmeret al., 1993b).

The analysis of gut contents can assist in assessing the range of feeding materials an organism
feeds on, relative to what is available at different times of the year (Wakat, 1988).For
example fuorescencemicroscopy utilisinga fluorescent dydor illuminating chitinous cell

walls in both fungi and algae (Maneval, 1936; Rodriguetela & Aviles,1991; Leck. 1999)

has shown positive results idlifferentiating between feeding material typesThere is an
assumption that gut contents should help cksn whether an organism is specialist or
generalist feeder, wherthe available feeding material is known in the habitat (Cummins,

1973; Walkeet al., 1988).

The objective of this chaptewas to investigate whethera lack of regional variation in
mouthpart morphology is mirrored in a similar diet between théaterberg and the
MagaliesbergWhen referring tcChapter2Q a ¥ AAfrépluymPpENLIMW) andA. parvum

(M) mouthpartsare unspecialised and covered with bipectinate setae on the apices of the

glossae angharaglossae which are indicative of feeding on FPOM.
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However, Palmeeet al. (1993a) noted that there are disadvantages with analysing gut
content, such as: the disappearance of readily digestible material, predation without
ingesting exoskeletons of the organisms; and difficulty in discerning the origin of any ingested
leaf partcles. Some solutions to resolve these disadvantages include analysing the foregut
content; theuse of additional techniques such as scanning electron microscopy (SEM) and
fluorescent dye (Sephton & Hynes, 1983; Paleteal, 1993a; Wogerbauer & Keluim,

2013). These techniques allow for the identification of different feeding material types (such
as leaf matter, diatoms, filamentous algae, etc) and their relative proportiegardless of

the mouthpart morphologyf the animal.

Thebipectinatesetaefoundin A. parvum(M) and A. parvum(W) are associated with trapping

and retaining small food particles, such as FP@fMvbptilum parvum(M) and A. parvum(W)

have an unfused labium, with maxillary palps without setae on the apicolateral margin of the
palps, and bipectinate setae on the apices of the glossa and paraglossae and on the apex of
the maxilla. These features are typical of this genus (Gillies, 1B88¢d on these findings,

they have been classified as collecgatherer functional feederd.he aim of this chapter was

to determine the degree of dietary difference betwednparvum (W) andA. parvum(M),
collected from Waterberg tributary catchments (western Limpopo River basand

headwaters of the Magaliesberg. The objective pursued to achieve this aim:

Objective 1.Determinewhether differences in morphological variability observed between
the two regions are mirrored in the variation in diétwas hypothesised thalvaterberg diets
are more variable, representing a broader range of available food types than those found in

Magaliesberg
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Materials and Methods

Field collections of final instar mayfly larvae

Afroptilum parvumwere collected from the Sterkstroom and Maretlwamivers in the
Magaliesberg catchment and thieephalalariver in the Waterberg catchment, for cross
catchment population comparisons of diet and feeding morphology. Study catchment and

site specifications were described@hapter2.

Gut content preservation and dissection

All samples preserved for gut content analysis were preserved with a 10% formalin solution
and after one week were placed in 50% ethanol. The collection and preservation of the
samples were described Thapter 2. Threeto five individual replicate gusamplesrom the
Magaliesberg and Waterberg catchmentgere observed underseveral complementary
microscope ¢ eachgut observed andts result are described, for each microscope, in Table

4.

The foregut(2¢3 mm from the top of the thorax)was dissected out by removing the head
from the last abdominal segment and pulling the gut out of the body cavity in one piece
(Sephton & Hynes, 1983). Tharegut contents wereeased outand mounted onto a slide

with DPX mounting mediumTlhe slides wereanalysed under various microscopes using
different techniqueg(Table 4)¢ microscopes that provided the most information were the
SEM and the Zeiss Axio Imager light microscdfagious images werebtained using the
following stains and microscopes: Lactophenol cotton blue stain method, ZEISS Axio Imager
M2 upright microscope, ZEISS-miggapixel Axiocam 506 colour microscope camera and

ZEISS Stereo Discovery V8 light microscope (described iM).able
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Table 4. The various techniques used to analy&&optilum parvum(M) and Afroptilum

parvum(W) gut contents.

Microscopes and methods

Techniques used

Lactophenol cotton blue stain method
(n = 35 per locality)

Working with Lactophenol cotton blue is toxic, all staining and
of this substance were done under a fusheod with appropriate
lab ventilation and protective hand and eye gear. Samples W
preserved in 70% ethanol and rehydrated before being stair
The samples were teaseabpart and stained with lactopheno
cotton blue asthis dye is known for illuminating chitinous c¢
walls in both fungi and algae (Maneval, 1936; Rodrighgtela&
Aviles,1991; Leck. 1999)he stain only appeared in one of all t
samples analysed and was imaged under the ZEISS Axio |
M2 upright microscope.

ZEISS Stereo Discovery V8 light microsci
(n = £ 6630 samples were made in total, g
which not all were viable)

All gut contents were dissected under this microscope bef
being imaged with other microscopes.

ZEISS Axio Imager M@right microscope
(n = 35 per locality)

ZEISS simegapixel Axiocam 506 colour
microscope camera
(n = 35 per locality)

Samples were preserved in Lugol's iodine solution in the field.
content samples were removed under the ZEISS Stereo Disc|
V8 light microscope using a dissecting needle and insect
Thereafter, the samples were mounted onto glass slides u
DPXmounting media and imaged for further analysis. The h
magnification of the microscope and the highbality camera
made algae and diatonia amongst FPOM easily discernible.

Brightfield microscopy
(Olympus BX63 OBMNd
Fluorescence microscopy

(Olympus BX63 OBM

(n= 12, which is six samples per microsco

Three samples were preserved in 70% ethanol in the field
three samples were preserved in Lugol's iodine solution in
field to prevent continued growth and colonisation of alg
communities collected (Pomroy, 1984) for analysis under both
Brightfield and Fluorescence microscopes. The gut contents V
removed under the ZEISS Stereo Discovery V8 light microg
using a dissecting needle and an insect pin. The samples
then mounted onto glass slides using DPX mounting media
sent to the Micposcopy and Microanalysis Unit (MMU). T
excitation wavelength was 525nm and the emission waveler
was 555nm. The Wilde & Fliermans (1979) method was use
determine the excitation and emission wavelengths
epifluorescence of algae.

PhenomPure Desktop Scanning Electror
Microscopy (SEM)
(n = 3 per locality)

No preparation was needed for use of the desktop SEM. The
contents were dissected out under the ZEISS Stereo Discove
light microscope and placed onto aluminium stuldsied, and
viewed under the microscope.

Inverted microscopy
(n = 10c¢ five samples per locality)

Samples were preserved in Lugol's lodine Solution in the f
They were rehydrated using deionised water in petri dishes
observed under the inverted microscope. The amount of f
particulate organic matter (FPOM) in the gut contents obscu
most vew of algae and diatoms as it covered approximately->
80% of the field of view (FOV) even after the gut contents w
gently teased out for better viewing of gut samples.
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Results

Gut content analyses

The gut content analysis revealed most of the algal and diatomaceous cells were obscured by
large amounts of fine particulate organic matter (FPOM) making it difficult to do any
proportional feeding material comparisons between the two spegiesly fragments of cell

walls were visibl€Figures 23 and 24There were large amounts (@0%) of FPOM in the

guts of both species and presence of mineral material, filamentous algae, fungi, and diatoms
(Figures 226). The similarity in the diet findings of thed species suggests that they are
both gathering/grazing their feeding material from the substrate rather than filtering from
the water column (e.gElassoneuria sgW)) or scraping from stones (e.g\fronurus barnardi

(W)). The results of all methods and techniques used to analyse gut contents were

summarised, with remarks on what each of the results yielded (Tgble
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Tableb. Results for techniques used to analyse gut contentsMooptilum parvum(M) and

Afroptilum parvum(W).

Microscopes and
methods

Results

Remarks

Lactophenol cotton blue
stain method

The presence of fungi was minimal as it only appeared in one afuthe
samples and is illuminated blue (Figud).2

ZEISS Axio Imager M2
upright microscope

ZEISS sixegapixel
Axiocam 506 colour
microscope camera

Guts were imaged at 400X
magnification and showed preseng
of FPOM, minerals, diatoms, and
various filamentous algae
(Figures 3-24).

Most images were obscured by
large amounts of FPOM and
some gut samples were almost
completely empty.

Fluorescence microscop
(Olympus BX63 OFM

At excitation wavelength = 525 nm
and emission wavelength = 555 nr
images fluoresced green, but the
gut contents were unclear and
indistinguishable (Figures2

Unable to determine the correct
wavelengths necessary for
analysing freshwater gut algal
samples, as information in the
literature on freshwater
fluorescence microscopy was
limited.

Brightfield microscopy
(Olympus BX6®FM

Images showed presence of FPON
diatoms and algal cell walls (Figurg
26).

Only cell walls anttagmentsof
algal filamentswvere visible as
the prolonged preservation of
gut samples in formalin, 70%
ethanol and 50% ethanol cause
disintegration of the cell
contents (Godhet al., 2002;
Sancet al.,, 2020) Cell contents
are useful foridentificationand
for better fluorescingwith
staining methods and
fluorescence microscopy.

Phenom Pure Desktop
Scanning Electron
Microscopy (SEM)

Gut contents showed large amounts of FPOM and digested materig
that could not be further analysed. Fragments of diatoms were visib
but unable tosee anything else in the images (Figurg 2

Inverted microscopy

All algal samples analysed from th
substrate (during the experimental
trials) were visible under the
microscope but all filamentous
algae and diatomaceous gut
contents that wereanalysed under
the microscope were obscured by

the large amounts of FPOM.

The magnification power and
light intensity of the microscope
were not high enough to be able
to see through the FPOM for an
presence of other feeding
materials.
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Figure 23 Zeiss Imager microscope images of food items found in the gut conteAtsoptilum parvumM) showing (af-ragilariasp. a colonial
diatom with cell filaments (black circle); (U)othrixsp.a nonbranching filamentous green alga (white arrow); Aedphorasp., Cymbellasp.,
Naviculasp.,Nitzschiasp. and Achnanthesp. (black circle); (d) fine particulate organic matter (FPOM) (white circle) and mineral material (white
arrow). Scale bars = 50 pum.
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Figure 24. Zeiss Imager microscope imagesfadd items found in the gut contentafroptilum parvum(W) (a) fungus, dyed blue due to
lactophenol cotton blue stain (white arrow))(Diatomellasp.,Acnanthessp. andGyrosigmasp. prange arrow; (cd) FPOM, mineral material
(blue arrow), alga and diatonfa/hite circle) Scale bars = 50 pum.
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Figure25. Fluorescence microscopy imagesbfeof gut contents ofAfroptilum parvum(M),
showing some gut contents illuminated bright gresgnifying some organic materj&iut few
visible and discernible contents. Scale bars = 100 um.
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Figure26. Brightfield microscopy images of gut contentsAdfoptilum parvum(M) with a)
FPOM (black circle) and b) some diatoms and small minerals present (black circle). Scale bars
=100 pm.

75





















