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"Man is not an aquatic animal, but from the timestend in youthful wonder
beside a spring brook till we sit in old age andokahe endless roll of the sea,

we feel a strong kinship with the waters of thighd

- Hal Borland (1964)
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Abstract

Life-history studies have informed all areas of agu ecological research, whilst also providing
information relevant for conservation and managdroéaquatic systems. Given the large research gap
that has existed in this regard for Southern Heha@gp lotic systems, there has been an urgent need t
gather such data if effective management policiest@ be implemented regionally, especially in the
face of ongoing development, anthropogenic impaats, global climate change. Furthermore, there
has been a growing awareness of the need to inatepthermal guidelines into legislation regarding
environmental flows and associated water managepians. In South Africa radical new legislation
introduced in 1996 resulted in rivers and aquatimsgstems being given a right to water of their own
essentially environmental flows, required to protise aquatic ecosystems associated with the water
resource, that are determined separately for aflant of any significant water resource. This water
including both the quantity and quality, is referte as the “Ecological Reserve.” Baseline inforiorat

on the relationship between temperature and Idéshy patterns of aquatic insects is required torm

the incorporation of thermal guidelines in the Bgital Reserve determination process.

Assuming such information can be gathered, a prolaldses as to how the data can be interpreted and
incorporated into management guidelines. For im&tar representatives of widespread species
occurring throughout a country are collected fromsirggle location (say perhaps a single province in
South Africa) and then analysed in terms of thieariinal limits for growth — would these limits hold
true for that same species where it occurs elsa¥hetraspecific variability, cryptic species and
broader phylogenetic constraints all influence ttermal limits of species and need to be considered

when examining thermal influences on life-histoagtprns.

This thesis aimed to test the overarching hyposhgit while the life-history traits of aquatic énss
could be constrained to some degree by their aeolarty history, they would also be impacted by
thermal and hydrological regimes, inducing a degreplasticity in their life cycles. This hypothsesi
was tested by examining the key life-history traitshree representative taxa of aquatic insectafa
Lestagella penicillata(Ephemeroptera)Aphanicercellaspp. (Plecoptera) an@himarra ambulans
(Trichoptera), and how they are driven by environtaband genetic factors in six rivers situatethie

south-western Cape Province of South Africa. M@exsically the objectives of the thesis were to:

1. Select six study rivers that exhibit a range ofiemmental variability that could invoke life-
history plasticity in the same widespread aquatsect species that inhabit them. Furthermore,
to investigate the interaction between flow, terapane and physicochemical variables in these
selected rivers and characterise specifically teirmal and hydrological characteristics.

2. Gauge the potential effects of changes to/and liditya within hydrological and thermal
regimes on aquatic insects commonly used in bisassent methods (SASS) and used as

bioindicators (EPT taxa) that inhabit these siestd study rivers. This would be achieved
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through the monthly collection and assessment oéldmental life-history data of the same
target species occurring at each of the sites tfferperiod of a year), which might reveal
evidence of phenotypically plastic responses (@gnges in voltinism and timing).

3. Gain further insight into lethal and sublethal effe of temperature on these organisms,
specifically in terms of upper and lower thermatits for egg development, time requirement
for egg development, and percentage hatch sudeessgh laboratory experiments which aid
the interpretation of field-collected data. Furthere to assess nymphal growth rates, upper
Lethal Temperature (Lsh) mortality, and timing of emergence in individual$ the same
species but from different localities reared unither same laboratory conditions to test if less
obvious phenotypically plastic responses are evi¢keg. differences in Lgplimits or growth
rates)

4. Use genetic analyses to evaluate genetic divergamomg the subpopulations of the selected
species in order to differentiate between phenotphasticity and genetic determinism as the
basis of life-history responses of the target dqustecies from different study sites.

5. Use these data to contribute towards the estalbdishof thermal guidelines for the Ecological
Reserve which address the relationship betweeneetype and life-histoty patterns, in order

to inform management of riverscapes in South Africa

Rivers selected for the study showed range of Hgdical variability, from a stable/constant and
predictable hydrological regime to an unpredictadhel seasonally fluctuating hydrological regime
(Chapter 2). Temperature data collected duringtblegical sampling period revealed that the thdrma
regime indeed correlated well to the hydrologiegime of each site —sites that exhibited more stabl
hydrological regimes also exhibited more stablertta regimes. Site characterisation showed thes sit
differed largely in terms of the magnitude, frequentiming and duration of the thermal and
hydrological regimes but were similar in physicatieal properties. In turn this provided a suitable

gradient against which to compare life-historyttraif selected aquatic insects.

Results of the molecular investigation, using tl@1Qene from target species collected from each of
the study sites, presented a prime example of @ wasre current taxonomy had overlooked cryptic
species diversity (Chapter 3). More specifically ttata suggested that bathpenicillata(maximum of
28.7% COL1 gene divergence among the six study aitdghe Table Mountain site) af@d ambulans
(maximum of 13.5% CO1 gene divergence between Tilolentain site compared to six study sites)
populations showed evidence of having divergedhto foint where they could be considered to be
separate (sibling) species. Fphanicercellathe CO1 gene was able to successfully resolvdatire
species identified by current taxonomy. The preseat previously undescribed morphologically
cryptic species complexes, evolving under differentironmental conditions (hydrological, thermal
and chemical) at the sites, could account for theerdences observed. However, the effects of

incomplete lineage sorting should not be ruled dite presence of these species complexes could
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substantially confound results of life-history sesl and experiments of species thermal tolerance
limits. In other words, variable egg developmenspanses might be expected for penicillata

populations given knowledge of the evolutionaryiustaf the different populations.

Monthly sampling of invertebrates was carried autthe period April 2009-April 2010 in the six rige
within the Western Cape, during which target organs collected each month were sorted, counted and
measured for life-history analyses (Chapter 4)fdb&nces in the thermal and hydrological regimes
among the sites were found to indeed modulatehigeery traits, where the same species was
concerned, and this was more noticeableCinambulans.This species exhibited less phylogenetic
constraint and more flexibility in terms of itsdihistory compared tb. penicillataandAphanicercella
spp. which showed greater phylogenetic constraidt greater adaptation to site-specific conditions —
congruent with molecular analyses that showed higkeetic divergence among sites. Voltinism was
determined in each of the target taka:penicillata and Aphanicercellaspp. both exhibited a slow,
seasonal univoltine cycle with a single cohort lgasacked throughout the year, whil@ ambulans
showed a non-seasonal or asynchronous multivoliieecycle with multiple generations occurring
simultaneouslyC. ambulansappeared to show a phenotypically plastic resptmsemperature, in that
more generations (trivoltinism) were observed inrmer rivers, in comparison to univoltine
populations in colder rivers. Optimal thermal rasmder growth were established through the use of
GLMs, and were found to be 13-21.5°C forpenicillatg <11.5°C-14.5°C foAphanicercellespp,and
14.3°C- >21.5°C foC. ambulank Overall, the life-history responses of the targgecies assessed in
this study appeared to be finely tuned to the hgdroal and thermal regimes of each river studied.
This could have been as a result of site speciatuéion and adaptation, perhaps showing simikesiti
on a catchment scale. However, where the sameespshbwed differences in life-history responses
(number and duration of generations) amongst rivéie data appeared to suggest that water
temperature was the most likely factor for thedéedinces. The hydrological regime, on the other
hand, was found to be the major driver in detemgrpopulation size and mortality while possibly
imposing a developmental time constraint for lifsttries of the study taxa (especialy ambulans
and Aphanicercellaspp.). The possibility that the putative effectsdischarge on life-cycle and
emergence might reflect synchronicity with the lglity of key basal resources, or the effects of
seasonal conditions on adult fitness, could howehar be discounted and would require further

investigation.

In order to better interpret field-collected lifestory data (in terms of egg development duration,
potential diapause and confirmation of size-clds&rst-instar nymphs), experiments investigatirgge
development across a range of water temperatur86°( in 5°C intervals) were carried out in a
controlled environment in the laboratory for eadhthe target taxa (Chapter 5). Water temperature
effected the development of eggs of three gendta differently. Experiments revealed that sucadssf

egg development and hatching occurred between a0-26r L. penicillatg with a high percentage

vi



hatch (80%) at 10, 15 and 20° C treatments.A@cutatasuccessful hatching occurred also between
10-20° C but with reduced hatching success (~30%)&C compared to ~80% hatching success at 10
and 15° C treatment&or C. ambulanssuccessful hatching occurred at a wider rangemperatures
from 10-25°C but with lower and more variable hatghsuccess at all temperatures (average hatching
success ranged from 5-20%). Thermal reaction narrosnjunction with egg hatch parameters showed
thatL. penicillataand particularlyC. ambulansvere warm adapted, while tighanicercellavas cold
adapted. Overall, the data presented in this chapteided valuable information that can be used to
inform the establishment of thermal guidelinestfar Ecological Reserve in terms of thermal limds f

egg development.

Using a novel, thermostatically controlled, flowdhgh system design, the sublethal effects of
temperature on growth rates, body size, and thanginof emergence in conjunction with thermal
tolerance limits (using a static kgrexperimental procedure) were assessed for twodewafL.
penicillata (Molenaars River and Window Stream) at a rangeswiperature treatments (spanning ~11
to ~27C) in a controlled common environment (ChapteEXperiments evaluated in this chapter were
conducted before the genetic analyses (Chaptea@)bken completed and provided insight into the
degree to which genetic differences vs. phenotptasticity affected the traits that were monitored.
Differences in growth rates, number of moults ankrimoult duration were observed when same
instar larvae from the two populations were sulg@gcio the same temperature treatment. In both
populations, growth rates exhibited a phenotypjcallastic response to temperature, yet optimal
growth in both populations converged between 16z18milar to those estimated in GLMs (Chapter
4), possibly suggesting that this is a common tlaéoptimum range for growth in the genus. Observed
differences in growth were assumed to be as atresugenetic differences, which were in fact
confirmed when molecular investigations in Chaf@erere completed. The genetic divergence may
have arisen through adaptation to differing therregimes in the two rivers. The population from the
Molenaars River, which incurs a warmer thermal megihad a higher thermal tolerance limit, higher
growth rates and lower mortality at all temperatueatments. This finding suggested that this genus
could have retained the same thermal developmeheriut divergent species develop at differensrate
(through differing inter-moult duration and or thgh the addition of moults) in sites exhibiting

different thermal regimes.

The data presented in this thesis showed thatreiftes in hydrological and thermal regimes of South
African rivers do indeed induce a plastic respdnsthe life-history traits of the representativeuatic
insect species in habiting them — particularly mose insect taxa (e.@himarra exhibiting more
flexible life- histories and less phylogenetic dpait. This in turn suggests that generalisations
terms of thermal guidelines made at a broad ndtsgeale for the Ecological Reserve might be
inappropriate and would at the very least needdoctinceived at a regional or even local scale.

Furthermore these plastic life-history trait resggs should, where possible be evaluated through a
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combination of laboratory experiments (common emvinent experiments for rearing, molecular
analyses, egg development experiments) and fielik wo order to distinguish potential underlying

genetic drivers of trait differences vs. true phgpimally plastic responses. This is particularly
important as cryptic species complexes, which dé&endbe overlooked by taxonomy, act to confound
life-history trait and thermal tolerance studiespper and lower thermal tolerance limits for egg
development derived for these representative speitieconjunction with L, values as well as the

optimum temperature ranges for growth (obtainednfrGLM’s and rearing experiments) provide
fundamental information necessary in the first stéforming thermal guidelines for the Ecological

Reserve.

This thesis presents a template of what data acessary for incorporating thermal guidelines for
aquatic insects into environmental flows/Ecologi®serve and how they can be collected and
interpreted. The combined field and laboratory apph used in this thesis allowed for an accurate
interpretation of the timing and duration of lifestories. The life-history and egg development data
presented in this thesis have been used to pravideof the first approaches to modelling the effedt
climate change on aquatic insects in South Africegrs. Such data, currently not available for &out
Africa, are essential to inform decision makingtgaitarly in relation to the formulation of thermal

guidelines for the Ecological Reserve, and for alienchange scenario modelling exercises.

viii



Acknowledgements

Firstly my most heartfelt thanks are extended toHmien Dallas, Assoc. Prof. Mike Picker and Assoc.
Prof. Jenny Day for their guidance and supervidimmthe duration of the project. Helen it was a
pleasure to work with you in the field on many aioas - thank you for your friendship and the many
memories. Mike, | appreciate so much the enthusifasnnsects that you instilled in me back in my
undergraduate studies, thank you also for youndsip, advice and for the many good times we have
enjoyed over the years - it has been a joy to ls®dan and to be a part of your lab. Jenny, | am
indebted to you for welcoming me into the freshwatemmunity, thank you for your wisdom and

support over the years.

The author would like to thank the Water Researadmm@ission (WRC) of South Africa for the
provision of funding for the initial WRC projectaheventually lead to the research presented here.
this regard Bonani Madikizela, Dr. Steve MitchaldeDr. Stanley Liphadzi are thanked for facilitatin
the original WRC project. Similarly the WRC projesteering committee and reference group are
thanked for their input (Dr. Ferdy de Moor, Dr. Masraham, Brian Jackson, Dr. Steve Mitchell, Dr.
Dirk Roux, Jeanne Nel, Niel van Wyk and Jackie Jayould like to thank Dr. Nick Rivers-Moore not
only for his jovial chats and friendship but alss statistical input and the advice he offered esply

with the original WRC project.

The National Research Foundation (NRF) are ackrdiyelé for their provision of funding for the PhD

research.

Assoc. Prof Coleen Moloney and Dr. Anabela Brand&® thanked for their advice on statistical
analyses, while Dr. Helen Barber-James and Lyrdaiteira from the Albany Museum and Rhodes
University respectively, are thanked for their ihpad conversations regarding the molecular angalyse
Dr. Tuuli Makinen from the South African Instituter Aquatic Biodiversity (SAIAB) is thanked for
her assistance with the preparation of sample®fA Barcoding, while Dr. Olaf Weyl (SAIAB) is
also thanked for facilitating the sequencing of gas So too, the Canadian Centre for DNA
Barcoding (CCDB) at the University of Guelph, ahariked for the processing and sequencing of

samples.

Importantly, this research would not have been maasible without the dedicated help of several
field and lab assistants namely, Dr. Charmaine Wysje Ketley, Lauren De Vos, Otto Whitehead,
Debbie Fogell, Matthew Gardiner, Tara Lockwood dmedvor Edwards. My deepest thanks to all of
you for helping me conduct field trips and also &msisting me in the arduous task of sorting and

identifying samples, which resulted in many manyrsdehind the microscope.

My laboratory mates Kelly Vlieghe and Mwamaka Ukamand fellow freshwater colleagues namely,
Heather Malan, Justine Ewart-Smith, Jeremy Sheldatthew Bird, Allistair Fyfe, Sean Marr, are

iX



thanked for the many good times, insightful chatssouragement and for keeping me sane. To my life
group and close friends - thank you for the suppgmeyer and friendship through thick and thin &ord

putting up with all my nonsense.

Thanks to Granville Fullman, George du PlessisRaida Muller, - for technical support. Especially,
would like to thank Willem Dye from Supreme Air fors kindness and patience and willingness to
help me with technical issues with the controlledieonment rooms at odd hours and often on short

notice
Finally to my family:

To my parents Shirley and Trevor Ross-Gillespienkhgou for always showing me love, friendship,
encouragement, patience and support. Thank youfalsgour many prayers, for always believing in
me through the ups and downs and for giving meyeepportunity you could to reach my dreams. To
my mother and father in law Edna and Horst Mulleank you for your prayers, support and

understanding.

To Noel, Janet, Jamie, Erin, Adin and Christellentts for all the support and for pushing me on. The
laughs together, crazy discussions, often completieburd advice and classic memories and moments

continue to keep me going.

To my wonderful wife Andrea. | can't thank you egbuor so loyally standing by my side through
everything, for being my shoulder to cry on and loegt friend to laugh with, for giving me words of
wisdom when | needed it and for showing me unwangepatience, help and also statistical support.

You are my crown.

Above all | thank my father in heaven, the Lord Gddhighty - to you be all the glory.



CHAPTER 1
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Chapter 1

1.1 Importance of lotic freshwater ecosystems

Streams and rivers cover only 0.8% of the Eartintase (Dudgeort al. 2006), a minute proportion
when considering that these systems provide whatidely regarded as the most essential natural
resource for survival - freshwater - to the hurpapulation. Humans are dependent on freshwater for
drinking, irrigation water for crops and farms,hfiEarming, industrial processes, hydroelectric powe
and other power production methods, sanitationveaste disposal, as well as for recreation purposes.
Yet, astoundingly, these systems also accommodaastmated 9.5% of all animal species known to
man including a third of all invertebrate speciBsidgeonet al. 2006, Strayer & Dudgeon 2010). The
value of these systems is difficult to comprehem@¢onomic terms and is most likely still grossly
underestimated by our best attempts. However, @lbsyears ago, the value of the numerous
ecosystem services that freshwater ecosystemsaufstrévers and wetlands) provide was estimated at
$6.5 trillion USD per year (Costangtal. 1997).

The interaction processes and flow pathways ofasisge rivers and groundwaters within their
catchments from source headwaters to the ocedunding the numerous human and animal impacts
along the way is encompassed in the term "riveessafFausctet al. 2002, Wiens 2002, Stanford
2007, Tetzlaffet al. 2007). Riverscapes are physically complex andlfighriable in space and time
always operating in four dimensions (longitudidateral, vertical and temporal) (Palmer & Poff 1997
Stanford 2007). Coupled with the fact that theyurda high densities over ecologically, geologigall
and topographically diverse landscapes, they are éktensive and provide a wide range of habitats f
plants and animals (including those that occuh@riparian zone) leading to high biological ricksie
per unit volume (Ormerod 2003). Furthermore theanigms which account for this richness are
involved in an array of ecological functions andqasses which are necessary to maintain the ityegri

and ecosystem services provided by these systemisnfMist 2002, Durance & Ormerod 2007).

In this regard riverscapes also act as energy aludestransport systems. Solutes and organic matter
(both autochthonous and allochthonous) are prodebgespecialised functional feeding groups of
invertebrates which form composite species ass@@bladapted to conditions in different parts of the
riverscape (Vannotet al. 1980). Some material is not used or only partiglgcessed by upstream
assemblages. This material is transported dowmstesgal becomes the energy source, along with local
inputs, for different composite species assembldgmsare specifically structured to capitalisetioa

inefficient processing of upstream communities (Mateet al. 1980).

A major component of the invertebrate fauna whangély comprise these species assemblages is the
highly diverse and ubiquitous aquatic insect fa(itgnes 1970, Merritt & Cummins 1996). Aquatic
insects provide a fundamental link in trophic iatdions as they a) are essential role players in

processing of organic matter (algae, leaf littetritlis), b) are an important component themsebies
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overall river productivity (Stanford 2007) and apwde a resource for secondary consumers such as
fish.

Aquatic insects are commonly used as bioindicatotsomonitoring schemes because of their general
ability to exploit most lotic habitats, as evideddsy their broad distribution ranges, high abunéanc
and diversity. Within the aquatic insects threemwders (Ephemeroptera, Plecoptera and Tricheptera
also known as the EPT taxa) comprise families #rat generally more sensitive to water quality,
including various types of pollution (e.g. nutri@rtrichment, contamination by heavy metals), reduce
discharge (in this thesis discharge is also redeteeas flow) and oxygenation as well as increased
temperature. Various biomonitoring metrics haverdfage been developed that incorporate the
abundance, richness and ratio of these specifictBled relative to other more tolerant taxa sucthas
Chironomidae when assessing water quality (se&iRlaf al. 1989, Barbouet al. 1999, Dallas 2013).
Similarly, the South African Scoring System (SA$&)the rapid assessment of water quality (Chutter
1998, Dickens & Graham 2002) utilises a metric acminvertebrate presence and abundance (family
level). In this widely used protocol, many of tlarfilies represented within the EPT taxa are ginigh h
sensitivity weightings based on their intoleranég@aor water quality conditions (Dickens & Graham
2002, Dallas 2004).

1.2 Factors effecting the integrity of lotic freshwatercosystems

Riverscapes, while of global ecological importaaocel responsible for sustaining human life, are also
sensitive to external variables and surroundingireninental changes (e.g. shading from riparian
vegetation, runoff from surrounding land use) (Raiffal. 1997, Poole & Berman 2001, Caissie 2006,
Strayer & Dudgeon 2010). As a result they incuryaiad of anthropogenic stressors (Ormesddl.
2010) and are often highly fragmented within lamges (largely as a result of dams). This
fragmentation results in the blocking of naturalgration corridors for fish and other aquatic

invertebrates, making the whole riverscape vuldertabclimate change (Woodwaed al. 2010).

The complexity and interrelatedness of environmerdeaables acting on riverscapes and particularly
their aquatic fauna is illustrated in Fig. 1.1. §ligure provides a broad template, for referemde,

topics covered in this thesis.
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Fig. 1.1. Relationship between environmental variables gctin the biology of aquatic fauna in riverscapes.
Adapted from Sweenest al. (1992).

1.2.1 Environmental variables

Riverscapes are influenced by a number of enviromahefactors including precipitation patterns,
watershed topography, underlying geology and switmosition as well as surrounding vegetation and
land-use. Flow regime is influenced predominanttyplecipitation patterns which influence surface,
soil and groundwater inputs (Pddf al. 1997). Rivers in areas where precipitation is sesonal can
exhibit stable hydrographs because of the influesfcbyporheic or groundwater inputs. Such rivers
would be considered groundwater dominated riveessts (see Pofet al. 1997). In contrast
rivers/streams in other areas can be runoff doméhatlosely mirroring seasonal precipitation pater

(Poff et al. 1997). In certain cases where rainfall has a gts®asonal pattern, the effects of ice and
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snow melt produce predictable flow patterns (FRofhl. 1997). Flow is responsible not only for nutrient
and sediment transport downstream, but ultimate#pss the habitat and substrate properties awvailabl
to plants and animals in riverscapes, affectingtibicomposition and providing a template for
adaptation and evolution (Southwood 1977, Fofél. 1997, Bunn & Arthington 2002). In particular,
five components of flow viz. the magnitude, timirfggquency, duration and rate of change regulate
many ecological processes in riverscapes (e.gurbemce, nutrient cycling, migration) and can
influence abundance, distribution ranges, lifedriss and biotic interactions of aquatic insectegfiet

al. 1988, Junlet al. 1989, Allan 1995, Powest al. 1995, Richteet al. 1996, Poffet al. 1997, Richter

et al. 1997).

Fluctuations in water temperature on the other reedargely influenced by incoming solar radiation
(linked to latitude and subsequent changes in éagth/photoperiod over the seasons) leading to
diurnal variations and seasonal ranges. The amoushading at a site (as a result of overhanging
riparian vegetation or steep valley sides) as waeglthe ability of light to penetrate the water cmfu
(affected by turbidity/suspended material of theemadirectly impact on the amount of incoming sola
radiation and can significantly alter water tempeane (e.g. Hynes 1970, Minshall 1978, Rutherfetd

al. 1997). Along with incoming solar radiation (botmost wave and long wave), other meteorological
conditions such as wind speed, air temperaturehamidity have an effect on evaporative cooling and
convective heat transfer (differences between ¢hgperature of the river and the atmosphere causing
sensible heat transfer/flux via advection and difin) and result in temperature changes at the
air/surface water interface (Caissie 2006). Watnperature is also influenced through certain
hydraulic conditions acting on both the streambeat#winterface and the air/surface water interface.
For instance at the streambed/water interface mileibuffering and dampening can occur from
thermally stable cold groundwater inputs or hegimothermal inputs entering a stream channel (@aissi
2006). Similarly, the inflow temperature from daamsfrom industrial thermal effluents (e.g. heated
water from power plants) can have an effect. Adddily, the flow rate, volume of water in the river
channel and bottom slope and bed roughness alkeernoke water temperature conditions and heat
exchange at the both streambed/water interfacetl@éir/surface water interface (Poole & Berman
2001, Gu & Li 2002, Caissie 2006). Water temperafarturn plays a crucial role in regulating many
physical, chemical and biological characteristi€sigerscapes, such as metabolic rates, physiology,
thermal tolerances and life-history traits of origars and thus it also affects nutrient cycling and
productivity as well as the solubility of organidhemicals, nutrient concentrations and oxygen
concentration (Vannotet al. 1980, Poole & Berman 2001, Gu & Li 2002, Cais<d& Rostgaard &
Jacobsen 2005, Welgh al. 2008).

Water temperature together with flow are arguabyrnost important master variables that regulae th
ecological processes, determine the overall healthriverscapes and shape the invertebrate
communities within them (Coutant 1999, Bunn & Antpion 2002, Jacksoet al. 2007). As such,
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modification of these variables by human activitesn have drastic effects on the ecology of

riverscapes.

1.2.2 Anthropogenic impacts

The difficulty in balancing the ever increasing demd for water for basic human needs versus the need
to effectively conserve and maintain the integofyriverscapes has led to these systems becoming
potentially the most endangered ecosystems on ldrefp(Dudgeoret al. 2006). This is owing to
several reasons: 1) riverscapes have already facedmber of species extinctions (Master 1990,
Williams & Miller 1990, Ricciardi & Rasmussen 1999asteret al. 2000, DeWalet al. 2005) 2) they
stand to face greater declines in biodiversity ttegirestrial or marine systems (Ricciardi & Rasmauss
1999, Salaet al. 2000), 3) large gaps exist in the knowledge o$¢heystems particularly from parts of
the world where they are most threatened (e.g. tdednean and tropical regions) (Filipeal. 2013,
Dallas 2013) and 4) current approaches and achgnseshwater ecologists and leading freshwater
journals have thus far been relatively unsuccessfgipearheading effective conservation (Strayer &
Dudgeon 2010).

Human activity, through facilitating access to wates dramatically altered the natural flow regiofie
riverscapes. Examples of these alterations incltwe:construction of dams and interbasin transfers
along with other engineering schemes, land covangés and urbanization of floodplains, canalization
and construction of levees, water abstractionrfggation, as well as groundwater pumping (Reiffl.
1997, Poffet al. 2007, Vorosmartet al. 2010). Concurrently, deforestation, thermally bdagffluents
from hydroelectric power plants, hypolimnetic amliemnetic dam releases, water abstraction as well
as channel engineering alter the natural therngauhres of riverscapes (Poole & Berman 2001, Caissie
2006, Olden & Naiman 2010).

Furthermore, increasing trends in fishery landiings inland waters suggests overexploitation oéhe
resources (Strayer & Dudgeon 2010), while widespragasions of non-native species have also been
facilitated through intentional stocking in suckheries, as well as through illegal aquarium releas
and international shipping (Rahel 2007, Rahel &&0l@008). Unfortunatley, these non-native species
are likely to be more successful in riverscapes tleve been modified through dams and canal
construction (Bunn & Arthington 2002). This repretse a major problem particularly in the
Mediterranean-type climate riverscapes of the (Fdpastic Region of the Western Cape (Matral.
2013). Additional human impacts include: pollutincluding nutrient rich runoff from crops or
effluents from instream trout farming), mortalitg.g. chemical or organic domestic and industrial
effluents), and habitat degradation (e.g. excamatibsand from rivers, sediment deposition resgltin
from upstream deforestation, rivers running dry farts of the year owing to water abstraction)
(Dudgeoret al. 2006).
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A recent analysis by Vorosmargt al. (2010) puts into perspective the threat of humetiviies to
global water security and biodiversity. The studgided an alarming estimate that nearly 80% of the
world's population live in threat of freshwater wety. Furthermore, the impacts of humans on
riverscapes are expected to be exacerbated byithentand predicted effects of global climate gean
(Poff et al.2003, Durance & Ormerod 2007, Vorosmaatyal. 2010, Woodwaret al. 2010).

1.2.3 Global climate change

Over the past two decades there has been a caddigléencrease in the number of journal articles
addressing the predicted effects of and issuesowuding global climate change on freshwater
ecosystems (Strayer & Dudgeon 2010). Riverscapesparticularly vulnerable to predicted global
climate change owing to their fragmented natur@rexploitation by humans for goods and services,
biological richness and the limited dispersal &bsi of aquatic invertebrate fauna (VOorosmaatyal.
2010, Woodwarcet al. 2010). The large majority of aquatic fauna of rsgapes are ectothermic.
Therefore increasing water temperatures (linkedntweasing air temperatures) will have a direct
impact on the physiology of ectotherms includingithrespiration, growth, behaviour, life-histories,
bioenergetics, distribution and community structasevell as trophic linkages of these fauna (Sweene
et al. 1992, McKee & Atkinson 2000, Winder & SchindlerQ2Q Harper & Peckarsky 2006, Durance &
Ormerod 2007, Ficket al.2007, Acufiaet al. 2008, Rahel & Olden 2008, Durance & Ormerod 2009,
Flenneret al. 2009, Woodwaret al. 2010, Pacet al. 2013). Such temperature increases are expected
to favour species invasions of more thermally i¢rexotic taxa, while reducing the success ofveati
taxa and those with narrow thermal tolerance bamtgh are often rare or endemic species (Rahel &
Olden 2008, Domischt al.2012). Global climate change estimates prediedareme scenario of up to
3.4°(2.0-5.4°C) rise in annual average surface &atpre and a moderate scenario of up to a 2.4°C
(1.4-3.8°C). These estimates are respectively thea®d B2 model scenarios of the 4th assessment
report of the Intergovernmental Panel on Climatar@e (IPCC 2007). More specifically, temperature
and CQ increases are likely to track alterations of seab@and inter-annual precipitation patterns,
leading in some areas to a greater intensity, durand frequency of extreme climatic events (fleod
typhoons, droughts and fires) (IPCC 2007). Whitebgl average runoff is expected to increase through
global increases in precipitation (Goudie 2006)ydp latitudes and Mediterranean-type climates will
face severely reduced annual runoff, generally iméag hotter and drier (Midglegt al. 2005, IPCC
2007). Overall, the perceived benefits of increaaawff in certain areas will be impacted by the

associated higher risks of flooding, lower watealdy and shifts in water supply (IPCC 2007).

Mediterranean regions (areas around the Meditearamasin as well as the South West Australia,
central Chile, coastal California and the southteses Cape Province of South Africa), which are
centres of endemism and hotspots for species shn@e characterised by predictable seasonal

disturbance events (Gasith & Resh 1999, Figpeal. 2013). They are expected to be amongst the
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world's regions most impacted by global climatengjea(Dallas 2013, Filipet al. 2013). Given the
numerous factors impacting riverscapes and theiatxfauna, the logical question that followshatt

of the mitigation of such impacts. An example ofeosuch intervention is the incorporation of
"environmental flows" into policies and guidelinfes regulated river management both globally and in
South Africa (Tharme 2003).

1.3 Balancing conservation and human resource use: theological Reserve

In light of the need to maintain natural flow regnin rivers, a substantial body of research, lgrge
driven by the works of Pofét al. (1997), led to the recognition of "environmentiaiwis." As such,
altered rivers or a river earmarked for regulatimam be assessed in order to determine the voldiite o
original flow that should be maintained to perngbgystem functioning (Tharme 2003, Arthingtmn
al. 2010).

A more precise definition of environmental flowsnwes from the International Environmental Flows
Conference held in Brisbane Australia in 2007 &edain Arthingtoret al. (2010):

“Environmental flows describe the quantity, tirgirand quality of water flows required to
sustain freshwater and estuarine ecosystems antutman livelihoods and well-being that depend

upon these ecosystems”

The impetus for maintaining environmental flows vpasnarily the need to provide drinking water for
basic human needs whilst conserving ecosystemritydRichteret al. 2003, Tharme 2003). Tharme

(2003) provides a review of various methods invdlireenvironmental flow assessments.

In South Africa the national status of rivers angdatic ecosystems was upgraded through radical new
legislature introduced in 1998, namely the Natidfaiter Act (Act No. 36 of 1998) (Republic of South
Africa 1998). Through the declaration of the “Eaqptal Reserve,” this new legislature resulted in
rivers and aquatic ecosystems being given a rightater of their own, which they previously did not

have. The Ecological Reserve, similar to environtadifows, is defined as:

“...the water required to protect the aquatic gstsns of the water resource. The Reserve
refers to both the quantity and quality of the watethe resource, and will vary depending on tlass
of the resource. The Minister is required to deteenthe Reserve for all or part of any significeuatter
resource. If a resource has not yet been classHiguteliminary determination of the Reserve may be
made and later superseded by a new one. Once de@vRes determined for a water resource, it is
binding in the same way as the class and the resauality objectives” (Republic of South Africa
1998).



Chapter 1

The legislation recognises the determination pmaédhe Reserve for all or part of a water reseurc
The Ecological Reserve and basic human needs babanamly two sectors in the country which were

granted a right to their own water (Kiegjal. 2003).

In actually conducting environmental flow and Resedeterminations, particularly in developing
countries in arid climates like South Africa, a rhen of challenges are of course incurred (King &
Brown 2006). Some of the more common problems delthe lack of data, funding and trained
personnel. King & Brown (2006) further describe thajor challenges as being: a) the transformation
of hydrological data into an ecologically relevédotmat, b) the provision of quantified predictiook
river responses to flow, c) the description of ittnpacts of river change on common-property users of
the rivers, d) the provision of information in arfaat that decision makes could use and e) the go&da
of monitoring as well as adaptive management. Theveementioned challenges, along with the
increasing number of innovative solutions arisiraf the advancement of technologies, have resulted
in this topic becoming an active area of researith &'growing body of literature today (see Retffal.
2010, Arthingtoret al. 2010).

Definitions and assessments of environmental flawsluding that of the Ecological Reserve, are

concerned primarily with water quantity. One magbiortcoming of this is that they do not take into

account several components of water quality, inidar water temperature (Olden & Naiman 2010),

despite its importance as a major driving variaflecosystems (Poole & Berman 2001, Caissie 2006).
More recently, however, there has been a pushctrporate thermal regimes into environmental flow

assessments (globally, see Olden & Naiman 2010)reiadhe Ecological Reserve (in South Africa, see

Dallaset al.2012, Rivers-Mooret al.2013a).

Olden & Naiman (2010) propose five major challengesincorporating water temperatures into

environmental flow assessments, especially withnetp regulated (dammed) rivers:

Advancing our understanding of dam-induced imp#txts/erine thermal regimes
Advancing our understanding of the ecological cqnsaces of altered thermal regimes
Demonstrating the availability and success of teaipee management strategies

Incorporating thermal-criteria into environmentalW assessments

a > w N

Designing temperature-enlightened environmental issessments in a changing climate

The acquisition of high resolution long-term datetssof environmental variables (rainfall, air
temperature, water temperature, flow rates/disé)aig therefore essential to a) assessing the
variability of individual rivers, b) understandinige link between temperature and flow in riverssape
across the country, c¢) understanding the role tiaiperature and flow play in shaping ecological

processes in riverscapes, and d) investigatingeffects of temperature and flow at the level of
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individual organisms/communities through the cditet of fundamental biological information such as
life-history data and thermal tolerance limits (@id% Naiman 2010, see also Wedttal 2008).

1.4 A South African perspective

Historically, the relatively small body of work alable for South African river ecosystems (in
comparison to the Northern Hemisphere) has beeroatern (Dallas 2008, Filipet al. 2013),
especially given the importance of understandireggdbmbined impacts of temperature and flow on
riverscapes in decision- and policy-making proces¥¢hile studies on flow have perhaps received
more attention than those focusing on water tentperge.g. Kinget al. 2000, Hughes & Hannart
2003, Kinget al 2003, Tharme 2003, King & Brown 2006, Rivers-Moet al. 2007) the need for
relevant long and short term South African watergerature data, as well as biological data for agua

organisms, is evident.

This said, researchers have made a considerabteibcion towards addressing this data paucity
through funding received from the Water Researcm@ssion (WRC) of South Africa. Particularly
noteworthy studies include:

» the provision of baseline temperature profilesddarge number of rivers across the country
(Dallaset al.2012),

» the investigation of links between flow, air temgere and water temperature through
modelling approaches (Rivers-Moatal. 2008a, 2008b, 2012),

» the development of metrics for assessing varighilitecologically important variables derived
from water temperature data (similar in concegntiicators of Hydrological Alteration (IHA)
developed by Richtest al. 1996) (Dalla%t al.2012, Rivers-Mooret al.2012),

» experimental determination of Incipient Lethal Uppgemperature (ILUT) limits and Critical
Thermal Maxima (CTM) of a wide range of aquaticarebrates throughout the Western Cape
(Dallas & Rivers-Moore 2012, Dallas & Ketley 2011),

» the exploration of micro-scale heterogeneity in ewaemperature (Dallas & Rivers-Moore
2011),

» the investigation of the effects of water tempeamatpredictability on macro-invertebrate
assemblages (Eady al.2013),

» the setting of environmental water temperature ginds for management purposes (Dadiis
al. 2012, Rivers-Mooret al.2013a) and

e practical applications in the form of utilising higical information (i.e. life-history

information) in climate change scenario based minde(Rivers-Mooreet al. 2013b).

10
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1.4.1 What and where are the gaps?

While this aforementioned valuable body of workvides the initial steps towards what is likely to
become an important growing field of research ie #hort-term future (Weblet al 2008), the

following gaps in the knowledge-base are evident:

e High-resolution, long-term (ideally greater thawefiyears) water temperature datasets are
needed for rivers across the country that can geoséference profiles for the rivérs

* Further elucidation is required of the complex rattions between flow and temperature to
better understand the seasonality, variability predlictability of riverscapes.

« Experimental determination of thermal toleranceitbmshould be conducted for a greater
number of aquatic organisms from different regiansoss the country. Note that work on this
has commenced (Dr. H. Dallas, pers. comm., UnitxeagiCape Town, 2013).

«  Much work is required on the sublethal efféatstemperature on aquatic organisms across the
country. Specifically this involves collecting ddtaoth through field sampling and laboratory
experiments) on life-history cycles, egg developtmesecondary productivity and
bioenergetics, thermal preference ranges, therratatgy behaviour, growth rates and timing
of specific life-history traits (i.e. hatching amthergence), and relating these to temperature.

e Further investigation is required into species mdages, community responses (such as
composition, abundance distribution ranges) arnghiminteractions in relation to temperature.

» Additional taxonomic revisions, genetic analysed ahylogenetic studies are needed to aid

species identification, particularly for immatutages and morphologically uniform taxa.

1.5 Research aims

Given the difficulty in setting thermal guidelinfs the Ecological Reserve in South Africa owingajo

the fact that fundamental life-history data andriied tolerance data for aquatic insects coupleth wit
thermal and hydrological data are severely lackin§outh Africa and b) that widespread species may
exhibit different thermal tolerance ranges and rogtiin different parts of their distribution in the
country thus making generalisations of suitableperature ranges difficult, the research presemnied i
this thesis aims to test a single overarching Hygsis. This hypothesis is: that while the life-bigt
traits of aquatic insects could be constrainedotnesdegree by their evolutionary history, they woul
also be impacted by thermal and hydrological regimiieducing a degree of plasticity in their life
cycles. In testing this hypothesis the thesis asos to address firstly, some of the research gaps

highlighted in the previous sections in order tddup local knowledge for better understanding and

! Long-term datasets of flow are available for mamgrs across the country and do not represenpaagauch.
However, continued maintenance of weirs and manigosystems is essential, as well as upgradingxisting
infrastructure with newer technologies and incregghe number of rivers monitored.

2 Sublethal effects refer to those that do not &iltell or organism, but usually forces adaptationsurvival
(McGraw-Hill 2002)

11
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management of South African river ecosystems, audbrglly to add information on environmental
determinants of life-history patterns to a globa&ialth of knowledge from a geographical region where
relatively few studies have been undertaken thuslfiaorder to test the aforementioned overarching

hypothesis, the specific objectives of the indiadchapters were:

1. Investigate the interaction between flow, tempermtand physicochemical variables, through
the selection of six study rivers exhibiting a ram thermal and hydrological characteristics.

2. Gauge the potential effects of changes to hydroddgind thermal regimes on aquatic insects
commonly used in bioassessment methods (SASS) aed as bioindicators (EPT taxa)
through the collection and assessment of fundarhidethistory data.

3. Gain further insight into lethal and sublethal effe of temperature on these organisms,
specifically in terms of growth rates, mortalityggedevelopment and timing of emergence,
through conducting laboratory experiments (in addito the interpretation of field data).

4. Use genetic analyses to define species boundanigseaplore the possibility of extensive
genetic divergence as well as potential phenotylgiqaastic life-history responses of the
target aquatic species from the different studsssit

5. Contribute towards the establishment of thermadiglines for the Ecological Reserve, in order

to inform management of riverscapes in South Africa

In addition to the primary aims listed above, taege of rivers selected for the study intends twige
a platform on which to investigate possible prestiotffects of climate change impacts on river sgste
and aquatic organisms, and further to provide t@hare necessary for scenario-based modelling of

climate change.

1.6 Chapter outline

Chapter 1: General introduction and overview of theis

Chapter 2: Site selection and site characteristicsselecting hydrological and thermal regime

gradients as a platform for life-history trait investigations.

Flow and temperature are introduced as major drieéithe ecology of riverscapes. This chapter also
provides the rationale for the study site selecpimmredure and gives detailed site descriptionsth@n
assumption that flow and water temperature arestaigd, site selection prior to sampling is based o
flow data as temperature data did not exist atithe. Subsequent collection of water temperatuta da
for the six sites during the period of samplingused to support this assumption and provide site
characteristics. Analyses of flow and temperatuata caire undertaken using metrics and multivariate
analyses to elucidate the links between these awiales, as well as to characterise the studg site
terms of seasonality, variability and predictabiliThe thermal and hydrological profiles of theeris
presented in this chapter form a backdrop for gd&apretation for the remainder of the thesis.

12
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Chapter 3: Molecular investigations ofLestagella penicillata Aphanicercellaspp. and Chimarra

ambulans genetic profiles for interpreting life-history tr aits.

The three target taxa (from the EPT) that form fibmus of this thesis are introduced in Chapter 3.
Molecular analyses are used to compare the dedrgenetic divergence of target taxa amongst study
sites, in order to evaluate the relative contrifmsi of intraspecific phenotypic plasticity vs. exdive
genetic divergence when interpreting data in latespters. The molecular analyses also allow for
current taxonomic work on these taxa to be evatbate well as for species identification and

taxonomic descriptions of immature stages.
Chapter 4: Environmental modulation of life-history patterns.

Life-history data collected for the target taxa presented in this chapter and are analysed itioelt
temperature, flow and water quality variables tiglowhe use of regression analyses and generalised
linear modelling techniques (GLMs). The resultghef analyses allowed for the timing of specifiedif
history traits (i.e. hatching and emergence) todbtermined, and for optimal growth conditions in

natural populations to be explored and contragiethe different study sites.
Chapter 5: The role of temperature in egg developnrg.

This chapter presents experimental data on theyemgénesis, egg developmental period and hatching
success for each of the target taxa under diffetemiperature treatments. The results are used to
provide a more accurate interpretation of fieldexikd life-history data for the same species, tand
inform the sublethal effects of temperature on é¢htexa as defined by thermal limits and optima for
egg development and hatching. Findings are disduss¢he context of thermal adaptation and the

evolution of life-history traits.

Chapter 6: The role of temperature in larval growth rates, survival and adult emergence of

Lestagella penicillata

Further information on sublethal and lethal effesftsemperature on one of the target taxa is pexvid
Growth experiments were conducted under differamggerature treatments in order to better interpret
life-history data collected from the field, anditwvestigate differences in growth between individua
from two thermally contrasting rivers. Thermal opéi for growth obtained in the laboratory
experiments are used to verify those obtaineden@hM assessments. The growth experiments served
the additional purpose of providing a suitable getor conducting a concurrent long-term Lethal

Temperature (Lo experiment to determine upper temperature lingitstirvival.

Chapter 7: General discussion and synthesis

13
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Site selection and site characteristics: selectirigydrological and
thermal regime gradients as a platform for life-higory trait
investigations

14



Chapter 2

Summary

Given the importance of linking and also undersiagdiotic responses to abiotic variables within
riverine ecosystems (as highlighted by Rivers-Moetreal. 2010) especially in terms of developing
thermal guidelines for the Ecological Reserve, thésis aims to address a critical component napess
for this objective to be realised - specificallg tink between hydrological, as well as thermalmeg

and the life-histories of selected aquatic insethss chapter served as the initial step in thiscpss.

Six study sites that exhibited a gradient in temfAstheir hydrological and thermal regimes were
selected for biological sampling. These variablesrenconsidered to be the most important in
determining the timing and nature of life-historfsaquatic insects. In the absence of historiedlyd
temperature data, however, these sites were sglbateed on multivariate and time-series analyses of
historical daily flow data only, on the assumpttbat flow and water temperature are closely related
thus a variable hydrological regime should coreelad a variable thermal regime. The subsequent
collection of water temperature data at each ofshlected sites over the duration of the biological
sampling period (1lyear) were then used to testasssimption, using newly developed thermal metrics
to characterise the time-series, taking into actdwguency, duration and timing of thermal states.
Sites were also characterised using historical fidata and water temperature data as well as
physicochemical data collected during the biololg&ampling period. The thermal and hydrological
characterisation of the study sites served asdbkdoop against which to contrast the life-histajts

and molecular analyses of selected aquatic ingpeetented in the chapters that follow. Selecteass sit
showed range of hydrological variability, from alge/constant and predictable hydrological regime t
an unpredictable and seasonally fluctuating hydyiold regime. Temperature data collected during the
biological sampling period revealed that the therragime indeed correlated well to the hydrological
regime of each site —sites that exhibited morelesthidrological regimes also exhibited more stable
thermal regimes. Site characterisation showed shas differed largely in terms of the magnitude,
frequency, timing and duration of the thermal agdrblogical regimes compared to physicochemical
properties. In turn this provided a suitable gratiagainst which to compare life-history traits of

selected aquatic insects.
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Chapter 2
2.1 Introduction

2.1.1 The importance of flow and temperature in characteising lotic ecosystems

Owing to constant interactions with the physicalimnment as it gradually changes from source to
mouth, lotic ecosystems are subject to continuahgk, making them highly variable in space and time
(Hynes 1970, Vannotet al. 1980, Palmer & Poff 1997, Gordat al. 2004). Lotic ecosystems incur a
frequency and intensity of environmental changes fiigh variability) that is not commonly observed
in other ecosystems (Powet al. 1988), with the disturbance regime playing a mbable in
structuring these systems (Fistedral. 1982, Reshet al. 1988, Lytleet al. 2008). Globally, only
relatively recently has the importance of maintagnvariability within these systems been considered
within a management context (Peff al 1997, Richteet al. 1997, Reynolds 1998, Arthingtaat al.
2006, Caissie 2006, Naiman al. 2008)

As such, the classification and characterisatiothefe systems within and among broad geographic
areas, ecoregions or even climates is of consitéeraterest and importance to freshwater biologists
and managers alike and remains an area of delsefds example Biggst al. 1990, Rosgen 1994,
Kondolf 1995, Thomsomet al. 2001, Caissie 2006, Rivers-Moage al. 2008a). One of the reasons for
this lies in the fact that such a wide range ofaldes can be used to classify and characterisgethe
systems (e.g. biological indicators, geomorpholalgiieatures, flow characteristics and also water
quality indicators). The question thus arises: Whiariables are most useful for characterising or

profiling rivers, especially in an ecological caxt

Flow, water temperature, physical structure, lardjital continuum, macro-nutrient availability and
water quality are considered the most importaniabées in lotic ecosystems (Hynes 1970). Of these
variables however, flow and water temperature hgeeerally received the most attention in
limnological research as they act master driverseaflogical and biological processes and they
constitute an integral component of the variabiégperienced in these systems (Poff & Ward 1989,
Tockneret al. 2000, Rivers-Mooret al. 2008a, 2008b). Considering the importance of wtdading
the link between abiotic and biotic processes if@rrmanagement, as well as the need to estabiigh a
maintain "natural” ranges of variability in riveiBallas 2008, Rivers-Mooret al. 2008a), it is apparent
that long-term data sets pertaining to flow ratel avater temperature alone are crucial for river
managers and biologists. This is owing to the faat they can provide a) a good indication of olera
river condition and or deviations from referencatest, b) an indication of the aquatic communities
likely to be present in the river, c) insight intee temporal variability (seasonal and annual)hef t

system, and d) suitable means by which rivers earidssified, characterised or profiled.

Links between flow and temperature have been detrated in several studies (e.g. Schlosser 1991,
Arscottet al. 2001, Langaret al. 2001, Gu & Li 2002, Webbt al. 2003, Rivers-Moore & Jewitt 2004,
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Rivers-Moore & Lorentz 2004, Rivers-Mooe al. 2005, Rivers-Mooreet al. 2013a among others),
where it has been found that a) low flow conditioftemately lead to higher water temperatures with
low concentrations of dissolved oxygen, b) flonerahd discharge are as significant as meteorologica
effects in controlling water temperature c) altefemlv regimes generally lead to altered thermal
regimes and d) daily maximum temperature is moresitee to flow rate than daily mean water

temperature.

Groundwater input has been shown to affect bothhydrological and thermal regime, generally
producing more stable regimes in both cases wherpared to rivers that are dominated by surface
run-off (Searet al. 1999). Groundwater inputs have also been linkeal ligh baseflow indéxas well

as a lower co-efficient of variation (C.V.) in flofvannote & Sweeney 1980, Seer al. 1999).
Furthermore groundwater has been shown to affecttiermal heterogeneity at river sites (Mosley
1983) and even within different habitat types aita (e.qg. riffles - see Evans & Petts 1997).

Given the importance of flow and temperature, kativithstanding the effects of groundwater, these
two variables were used as the basis for the sigxi$on procedure presented in this chapter. While
historical daily flow data (in some cases datingfasback as 1972) are readily available for many
rivers across the country through the DepartmentVater Affairs Hydrological Information System

(HIS), no high-resolution long-term data sets efastwater temperature and in this study flow had t

be used as a proxy for water temperature. Theatite of reliable long-term water temperature data
sets (~10yrs minimum) for rivers across a broadygmgahical and geological scale (i.e. from as many
different ecoregions in South Africa - Kleynhaes al. 2005) is therefore a necessity. Analysis of

available flow data requires dealing with time serilata which in itself poses a challenge.

2.1.2 How to deal with time series data

One method of characterising time series dataa? #ind water temperature is to consider the co-
efficient of variation, a straightforward and robapproach especially in relation to the lengthhef
data set, but which is sensitive to extreme va(wdsch often tend to be present in hydrologicaladat
sets, and to a lesser degree in thermal data G&t$) 1996). An alternative is to consider using
Colwells' (1974) indices of predictability whicheatess sensitive to extreme values and thus more
suited for detecting subtle differences in seasgnal hidden periodicities in a range of data type
(Stearns 1981, Rivers-Mooet al. 2008aj. A combination of both of these indices, howegemerally
proves to be most informative, and they have beearporated into a very useful software package
developed by Richteet al. (1997) (Indicators of Hydrological Alteration -IHApr analysing time

series of daily flow records for rivers. Recenslimilar indices (and the automated calculationegbBr

® A measure of the amount of flow in a river durity or low flow periods calculated as the ratioamiual
baseflow to total annual run-off.
“More details regarding Colwell's indices of predlstity are provided in the Methods section.
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were incorporated into an excel spreadsheet, @ssegyies of macros, for the purpose of analysing ti
series of daily temperature records (see Riversfblepbal. 2008a). Collectively IHA and the metrics
developed by Rivers-Moort al. (2008a) offer the simplest means of holisticallpi@tterising system

variability or for profiling South African riversased on thermal and hydrological variables.

Another useful method for monitoring and analydinge series data is ‘the ‘Sequential T-test Analysi
of Regime Shifts” algorithm (STARS v3.2 http://wwseringclimate.noaa.gov/regimes/: Rodionov
2004, Rodionov & Overland 2005). While being oneseferal methods used to identify and analyse
change-points or regime shifts in time-series ds¢® Easterling & Peterson 1995 and Lanzante 1996
for other methods), STARS is particularly practicatause a) it can be used to process data itimeal

or as it becomes available, b) it requires no Viswgpection of the time-series, c) it can be usét no

a priori hypotheses regarding the timing of shifts/changj@tp, d) can be used on data with multiple
shifts/change-points, €) can be used to analysedemies regardless of whether the input datanatteei
form of anomalies or absolute values, and f) isabég of detecting shifts/change-points towards the
end of time-series, allowing for substantially gkortime-series to be analysed. An additional
component to the STARS algorithm, termed "prewliitgh also allows for the correction of
autocorrelation which can often be a problem inetgaries data (Rodionov 2006). The output from
such an analysis compliments time-series analysa®) UColwell's predictability indices as well as
measures of C.V., by allowing for a finer scalesiptetation of the timing of significant changes in

hydrological and thermal datasets.

Regimes shifts can be detected using STARS in thetimean values and the variances for a given data
set (Rodionov & Overland 2005), and several stutige highlighted the application of STARS in
detecting shifts in time-series of both environnaémaind biological data (see for example Marty 2008,
Kamburska & Fonda-Umani 2009, Megrey al. 2009). While STARS has commonly been used to
detect shifts in much longer time-series (decadtdhps also been used to detect shifts over shiime
periods of only 1-3 years (see Howatdal. 2007) making it suitable in situations where liitdata

are available.

2.1.3 Aims

The aim of the site selection procedure was tocsedx study sites that differed in terms of their
thermal and hydrological regime. Given that histariwater temperature data are not available for
South African rivers, the selection was based ottivaniate analyses of metrics and variables derive
from historical daily flow data only, under the aswgtion that flow and water temperature are
correlated. The subsequent collection of water &ratpre data along with flow data for the six sites
during the biological field sampling period wasnhe be used to verify this assumption. These diata,
conjunction with analyses of historical flow datagere to provide information regarding site

characteristics in terms of thermal and hydroldgieaiability. The six rivers should exhibit diffent
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degrees of thermal variability or predictabflifgee Methods section for a more detailed defimjtthat
could be used as the backdrop against which to ameripiotic responses such as growth, life-history
responses and timing of specific life-history 84itiz. hatching/emergence) in key aquatic insect taxa.
Such information has been highlighted by DallasO80and Rivers-Mooret al. (2008a) as being
crucial to the initial step of determining the teargture component of the Ecological Reserve asasell
developing thermal guidelines for water managersSauth Africa. The aim of this study is thus

twofold:

1) To select study sites (based on historical flimta) that exhibit a range of mean annual water
temperatures and differing degrees of thermal bamgperiodicity. Such a selection will enableeth
testing of the assumption, that sites exhibitingalde or stable flow regimes should similarly show
variable or stable thermal regimes. This is basediralings by Rivers-Mooret al. (2008a, 2008b)

who examined the links between thermal and hydio&glata for other South African river systems.

2) To profile the selected study sites in termsflolv and temperature, using techniques such as
STARS, IHA and Colwell's predictability indices, mbined with additional measurements of
physicochemical variables to establish a basigudher investigations of the life-histories of atjc
insects occurring at these sites (Chapter 4). Im tinese investigations will help inform the

establishment of thermal guidelines for the EcalabReserve.

2.2 Methods

2.2.1 Site selection procedure

Data for site selection

A total of 11 perennial rivers in the Western Capge pre-selected, taking into account the follawin
considerations: occurrence within roughly the saemeregiofi (level 1 ecoregion as defined by
Kleynhanset al. 2005), the presence of an active flow gaugingastatear the site, the presence of a
previously installed (December 2008) water tempeeatogger (see Dallas & River-Moore 2010), a
relatively natural condition as a reference sttite,site accessibility and also the travellingatise to
the river. Each of these 11 pre-selected riversdudidte flow gauging stations between 100 and 500m
downstream of the proposed sampling site. Histbdedly flow/discharge data (averaged t&/sh for
each of these rivers were obtained from the Depanrtrof Water Affairs (www.dwa.gov.za). Where

possible at least 20 years' worth of historicahdfiom 1988-2008) were obtained for each river.

Historical flow data from the 11 pre-selected siesre subsequently analysed usingicators of

Hydrological Alteration(IHA) Ver. 7 software developed by Richter al. (1996). This software uses

® Predictability is defined as complete certaintyareling a specific state for a given time.
® A classification/typing of an area based on sdverawironmental factors. In South Africa, physicgjng,
climate, geology, soils and potential natural vatien, have been used as the delineators of Lex@briegions.
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daily flow data collected over a user-defined perad years (normally a minimum of 20 years daily

flow data is suggested for Colwell's indices torbeaningful (Dr. Nick Rivers-Moore, pers. comm.,

University of Kwa-Zulu Natal, 2009)) to derive 38otogically relevant hydrological parameters based
on a number of calculation procedures and thredimoitd (see Table App2A.1, Appendix 2A). It alsses

Colwell's indices to give an estimation of prediiliay and constancy for daily flow time series alat

After conducting an initial data analysis with IH& all 11 sites, sites with large amounts of m@g&n
interpolated flow data were removed. Additionallsites showing similar or overlapping flow
characteristics (i.e. not contributing to a widega of flow variability) were also removed. In this
manner site selection was narrowed down from 1isplected sites to six sites. The results obtained
from the IHA analysis relating to the 33 hydrolagiparameters provided the data that were used to
assess these six selected sites using multivaiéatenigues namely Principle Coordinate Analyses
(PCO or PCoA) and Cluster Analyses.

Definition of predictability

Colwell's predictability indices, owing to the fatftat they are not sensitive to extreme valuese hav
been shown to be useful tools for detecting pecitids in non-metric, ordinal, as well as nominatad
and also for interpreting time-series data sucfioas regimes and thermal regimes in an ecologically
meaningful manner (Stearns 1981, Poff 1996, Ridfitat. 1996, Rivers-Mooret al. 2008a).

Indices derived by Colwell (1974) can be used tassify temporal patterns into a measure of
predictability (P) based on the degree of the tamasable components, constancy (C) and contingency
(M). These components have different implications fthe ecology of systems (Colwell 1974).
Constancy will be high when a certain state (ofemsuired variable) remains the same over time, while
contingency is high when certain states fluctuata strongly cyclic or periodic manner correspogdin
to specific time periods. In this regard predidifibcan be high as a result of either high consyafa
predictably stable system) or high contingencyréjgtably seasonal system). Similarly, predictgbil

will be low for a system when both the contingemey constancy scores are low (i.e. when state is
variable with no obvious seasonal trends). Prebiidta (P) is reported on a scale of zero to onéhwi
the two components (C) and (M) commonly reportepersentages of overall predictability using the

following the equation:

Predictability(P) = ConstancyC) + ContingencyM) (2.2)

When there is complete certainty regarding a sjoesite for a given time, the system is considered

predictable with a predictability score of one.
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Statistical analyses for site selection procedure

Multivariate techniques were employed to deterntireerange of hydrological variability exhibited by
the six selected study sites, the similarities leetwthe sites in terms of flow parameters, as agethe
specific flow parameters responsible for the obsgrsimilarities. Prior to conducting the multivaeia
analyses, the 33 parameters used in IHA were &sbestng a simple correlation matrix, and variables

showing high multicollinearity (>0.8) were removisge Table App2A.2, Appendix 2A).

Following the removal of correlated variables, datae then normalised and sites were analysed using
a cluster analysis technique (group average ralats) based on the Euclidean distance measure. An
unconstrained ordination of multivariate data oP@O, using the Euclidean distance resemblance
measure, was then used to determine which expignatariables contributed the most to the
dissimilarity between the sites and to partitioe #tmount of variability that is explained in theada
according to these variables. All multivariate gsak were performed using PRIMER
6+PERMANOVA software package from Plymouth Marinabbratory, UK (Clarke & Gorley 2006,
Andersoret al.2008).

2.2.2 Field sampling

The location of each of the six rivers selected dampling based on the site selection procedure in
section 2.2.1 is indicated in Fig. 2.1.
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Fig. 2.1. Gauging stations (white crosses) and sites (blaites) at which monthly aquatic invertebrate
samples were collected from April 2009 to April 20IThe level 1 ecoregions (Western Folded Mountains
Southern Folded Mountains) (Kleynhaatsal. 2005) within which the sites occur are boundedi&ghed lines.

Study site descriptions

The six sites selected for the study all occur withe relatively unimpacted upper reaches/mountain
stream headwaters of their respective rivers. This line with the suggestions of Dallas (2009) to
focus work of this nature in areas unaffected bth@pogenic activity. Physical, geographical and
geomorphological characteristics of the sites aesgnted in Tables 2.1, 2.2 and 2.3. All of thensv
occur in the winter rainfall region of the Weste@ape, are perennial and can be classified as
oligotrophic fynbos streams. Furthermore, the svexhibit a single thread low sinuosity channel
pattern, a relatively uniform cobble/boulder sultigtrand identical underlying geologyiz. quartzitic
sandstone, subordinate shale and tillite) (Veg895) but vary in terms of aspect, canopy cover and
wetted surface channel width, which ranges fromt@mOm (during summer) and from 5m to 40m

(during winter high flow periods). Seasonal diffeces in flow experienced at each of the sites are
shown in Fig 2.2.
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Field sampling and data collection

Biological sampling at the six selected sites tptdce every month from April 2009 to April 2010.
During these monthly site visits measurements afimber of physicochemical variables were also

recorded.

Standard water quality variables included pH (GriBtd 25 portable pH meter), electrical conductivity
(EC) (Crison CM 35 portable conductivity meter)sstilved oxygen (DO) (Crison OXI 45 portable
oxygen meter) and turbidity (Eutech TN 100 Portdbtéidimeter). Spot measurements of temperature
were also collected on site, prior to biologicahgéing. Three random measurements taken at differen
locations along the stretch of river at each samgpsite, every month, were used to calculate mean
monthly values for all measured physicochemicailaides. Measurements were taken at different times
of the day across the sites, but the time of rengrtbr a particular site was roughly constantdach

sampling occasion.

In addition to the collection of water quality vaies, wetted surface channel width (or active ohhn
width) measurements were recorded from three fp@sitions (roughly 25m apart) at each site every
month. The three fixed positions were located atdbwnstream end, the middle, and the upstream end
of each site. In months where the river at the sdald not be crossed to obtain channel width
measurements, observations of water levels on bank were noted and measurements were then

taken the following month once the flow had subgdidefficiently.
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Tables 2.1, 2.2 and 2.Bhysical and geographical informatich 1), geomorphological characteristicd.q) and channel morphology characteristi2s3( pertaining to the six study rivers
selected for life-history analyses from the Westeape, South Africa. Information taken with perriiasirom Dallas & Rivers-Moore (2010). Downstreasrdienoted by d/s.

2.1

2.2

2.3

Longitudinal zone

River Latitude Longitude (F:;‘?erreglillznr:hans et al. 2005) (after Rowntree & S;:sz:n Ds\i\ggc?:ggldnf
y ' Wadeson 2000)
Eerste -33.993776 18.975550 Southern Folded Mawitai  Mountain Stream 1 G2H037
Elandspad -33.736667 19.114722 Western Folded Mmnsit Transitional 2 H1H033
Molenaars -33.731390 19.115000 Western Folded Mdnsit Transitional 2 H1HO018
Rooi-Els Kloof -33.461100 19.617860 Western Folbemlintains Mountain stream 1 H2HO005
Wit -33.637090 19.107890 Western Folded Mountains rangitional 1 H1HO007
Wolwekloof -33.944167 19.026389 Southern Folded Mains Mountain stream 1 G1HO038
. Altitude Aspect Median groundwater levels .
River m.as. 1) (degrees)  (m) (after Colvin et al. 2007) Condition of local catchment
Eerste 380 280 8 Afforestatl.on, alien vegetation, aquaculture dégreational, nature
conservation
Elandspad 450 125 7 Wilderness area
Molenaars 440 110 7 Alien vegetation, roads, reimeal, nature conservation
Rooi-Els Kloof 481 80 19 Agriculture (crops), wiltess area
Wit 660 180 9 Nature conservation
Wolwekloof 330 115 7 Afforestation, felled aredealvegetation wilderness area
River Channel modifications Channel type Canopy cover Active ctz?nr;nel width
Eerste Causeway and bridge d/s Alluvial with domtrigpe: Boulder Partially Open 5to0 10
Elandspad Weir d/s Mixed bedrock and alluvial: Bieul Open 10 to 20
Molenaars Bridge Mixed bedrock and alluvial: Boulde Partially Open 20to 50
Rooi-Els Kloof Weir d/s Mixed bedrock and alluvig@lobble, boulder Partially Open 5to 10
Wit None Mixed bedrock and alluvial: Boulder Open 0t 50
Wolwekloof Large dam d/s, small weir d/s Mixed bak and alluvial: Boulder Open 10to 20
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Fig. 2.2.Six rivers selected for life-history studies within the Western Cape, South Africa showing (A) summer
and (B) winter flow conditions. The rivers from left to right from the top are: (1) Eerste (facing upstream), (2)
Elandspad (downstream), (3) Molenaars (upstream), (4) Rooi-Els Kloof (downstream), (5) Wit (upstream) and
(6) Wolwekloof (downstream).
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Water chemistry data for each of the study sites olatained from the Department of Water Affairs
(www.dwa.gov.za) and summarised to provide a corsparamong selected sites. Median annual
values and standard deviation were calculated & dets containing monthly values for roughly 20

consecutive years, ranging in most cases from appately 1978 to 2011.

For the duration of the sampling period, daily flolata were obtained (from the gauging stations at
each site) in conjunction with hourly measuremearitevater temperature as well as relative humidity
and air temperature (collected using Dallas I-butie temperature/relative humidity loggers intall

at each site — see Rivers-Moore & Dallas 2008 aaith® & Rivers-Moore 2010). For the collection of
water temperature data, HOBO® TidbiT® v2 water teragure loggers (Onset Computer Corporation
2008) were installed at each study site in Febr@eny March 2009, prior to the commencement of
sampling. These loggers were set to continuouslgrcewater temperatures every hour for the duration
of the sampling period (April 2009-April 2010). Hadogger was bolted into position within a
rectangular galvanized-steel housing attachedi¢ogth of steel cable, in turn secured to eithierge
boulder or bedrock in a run section of the thalwegr the sampling area. Data from water temperature
loggers were downloaded at approximately six-mantérvals. Corresponding hourly (or two-hourly)
air temperature and relative humidity values wezeorded for the sites using Dallas I-button air
temperature/relative humidity loggers. The Dalldsutton loggers, which included a solar radiation
shield, were each secured to an aluminium stakeozippately 1m high off the ground (see Dallas &
Rivers-Moore 2010 for further information regarditge exact location of each air temperature logger
and the collection of data, see also Rivers-Moor®dllas 2008 for logger specifications). Of two
water temperature data loggers installed at thew&ldbof site (one installed in riffle habitat and
another in pool habitat), the logger from the efflabitat went missing during high flows in Jun@20
and was replaced with a new logger in October 2069 the flows had subsided. Owing to the loss of
the logger, temperature data were missing at ttesfar the period from 5 May to 20 October 2009.
Subsequently further gaps in the data came about ffebruary 2010 until the end of the sampling
period in April 2010, owing to technical difficuds with a replacement logger. Various methods were
employed to model water temperatures over the gdioo which data was missing. Details of the

methods employed as well as the results obtaireediaen in Appendix 2C.
Statistical analyses of study site data

Hourly water temperature data were converted tly da@an, minimum and maximum values as well as
daily range and daily standard deviation valuestéM@mperature data were then analysed in a simila
manner to those of daily flow data (with the IHAftsmre package) but using a series of metrics
developed by Rivers-Mooret al. (2008a, 2010). These temperature metrics perfoenséime function
as IHA but are specifically designed for use withet series of daily water temperature data. Sintdar

IHA, these metrics derive a number of ecologicathganingful parameters (see Table App2A.3,
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Appendix 2A) from daily water temperature data wtalso incorporating Colwell’s indices to provide
a measure of predictability and constancy in theemmperature time series data. As such, thefuse
these metrics allows for the thermal charactessggimes of different rivers to be compared in a

manner similar to how hydrological characteristieze compared.

Prior to applying Colwell's predictability indicesorrelations between mean annual temperature ¥alue
and mean annual temperature standard deviatioev#&bu the six sites were conducted. This procedure
IS in accordance with the guidelines proposed byeRiMooreet al. (2008a). These guidelines
highlight the fact that data used in predictabilitdices (Colwell 1974) of time series (especialgta
with fixed lower bounds) require that the mean atdndard deviation be uncorrelated. While
hydrological data often incur a lower bound of @dgéflows or zero flow days), leading to a high
correlation between the mean and standard devjatlie is generally not the case for water
temperature data which is not bounded by a lowait lof 0. Results of the correlations were non-
significant @ > 0.01) and therefore no logarithmic transformaticas applied to the water temperature
data, prior to using Colwell’'s predictability indis and the corresponding thermal metrics develbged
Rivers-Mooreet al. (2008a, 2010)

While study sites were initially selected using @pgmately 20 years of daily flow data, collectioh
daily water temperature data for a select numbeivefs has only recently started in South Afrisag
Dallas & Rivers-Moore 2010). Water temperature deds therefore only available for a period of 13
months for each of the sites included in this stuldyis relatively small data set limits the longate
interpretations of thermal regime that can be neféérfor the sites (using time series analyses and
Colwell's predictability indices), especially fdates exhibiting more variable annual thermal regime
This is largely because a minimum of 5 years iggeatgd for water temperature time series data to
provide meaningful results using Colwell's indi¢Bs. Nick Rivers-Moore, pers. comm., University of
KwaZulu Natal, 2009). A data set of 13 months caventheless provide important preliminary insights
into the short term intra-annual thermal trendmilair analyses using daily water temperature data f
periods ranging from 12 to 32 months have yieldseful information regarding the degree to which
thermal parameters differed between rivers acrasghSAfrica (Rivers-Mooreet al. 2008a, 2008b,
2010)

For comparative purposes the same multivariategoires (PCO and Cluster Analyses) as described in
the initial site selection procedure were repeatednalyse the water temperature data collected fro
each river. Prior to conducting multivariate anabjsthe 40 parameters used in the thermal metrics

were assessed using a simple correlation matritkvanables showing high multicollinearity ¥ 0.8)

" Colwell's indices are calculated automatically @aily flow data in IHA 7.1. As such, prior corrétms of

annual mean and standard deviation values as sidigarithmic data transformation are not requifidds is not

the case, however, when using thermal metrics dpeel by Rivers-Mooreet al. (2008a, 2010) in which
Colwell's indices are calculated manually.
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were removed (see Table App2A.4, Appendix 2A). dwihg the removal of correlated variables, data
were then normalised and sites were analysed usimfuster analysis technique (group average
relatedness) based on the Euclidean distance neemsarder to assess the similarity of the siteseta

on water temperature data.

A PCO, using the Euclidean distance resemblancesuneawas then used to ascertain which
explanatory variables contributed most to the digarity between the sites and to partition the amo
of variability that is explained in the data acdogdto these variables. All multivariate analysesrav
performed using PRIMER 6+PERMANOVA (Clarke & Gorlé@06, Andersort al. 2008) software

package from Plymouth Marine Laboratory, UK.

Mean daily range in water temperature and mealy flaiv data collected over the 13 month sampling
period were analysed using STARS v3.2 (Rodionov2&oddionov & Overland 2005). STARS uses a
combination of equal-weighted and weighted arithecneteans in conjunction with sequential students
t-tests to statistically determine the timing andgmitude of significant shifts from one stable estr
regime) to another within time series data (Rodw&oOverland 2005, Leest al. 2006). In other
words each successive point in the time-seriesidaaalysed (using student t-tests) in relatioth&®
mean of the preceding points or regime (stable}stdthen a significant difference (either in thenfo

of a decrease or increase) is detected then tatipawonsidered to indicate the potential sthid aew
stable state or regime (a change-point). As daitatpare added, they are used to confirm or refést
hypothesis in a similar manner using the regimé stdex (RSI), which is calculated as the cumuiati
sum of normalised deviations from the hypothetioalan level for the "new" regime. The difference
between the mean level of the current regime aadRi8l is tested using a t-statistic. If a negai&d

is calculated then RSl is reset to 0 and the meathé regime is recalculated incorporating theigaif
the added data point. If a positive RSl is caladathroughout the cut-off length (specified by tiser)
for a regime to be tested, then it means a sigmifichift exists at that time point and an assedipt
value is reported. If a positive RSI is not caltedhfor the entire defined cut-off length, then guént

at which the initial significant difference was ebged is regarded as an outlier. If multiple vaeab
are being analysed to determine regime shifts, therotal RSI is the sum of the RSI values from th
time series for each variable for each year (segidRov & Overland 2005 and Rodionov 2006 for

further information).

The STARS algorithm, as a statistical model, inooapes several model parameters and constants
which need to be specified prior to analysing tgseies, namely: a minimum value for the length of a

regime (cut-off lengtff) a significance level for statistical tests anev@ighting parameter for data

gCut-off length is normally measured in years, wheaeh data point in a time series represents a Valua
single year. In this study however where only ayleiryears worth of daily data has been used, theftlength
parameter specified by the user refers to lengtnreime in days and not in years.
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outliers (Huber parameter). The use of prewhitehaam be specified along with the type of parameter
estimator. In this study the OLS (ordinary leastasgs) parameter estimator in conjunction with the
prewhitening function was applied to both flow aathperature data. A significance level of 0.05hwit
cut-off length = 5 and Huber parameter = 1 was iagdpio flow data, while for temperature data, a
significance level of 0.01, with cut-off length ® Aand Huber parameter = 1, was used. A subsample

size setting of 6 was used for the prewhiteningfith data sets.

2.3 Results

2.3.1 Site selection procedure

Flow metrics and multivariate analyses

The IHA analysis indicated that the six study séghibited a wide range of flow characteristicsk€a
2.4). Predictability values for flow ranged from3R. (Wolwekloof River) to 0.56 (Rooi-Els Kloof
River) and mean annual flows from 0.2%sn(Rooi-Els Kloof River) to 5.12ffs (Molenaars River).
The moving average of maximum flow over a 30-dagigueshowed a range of almost 1¥snamong

the sites, highlighting the wide range of winteawil volumes experienced across the sites. Constancy
values indicated that certain sites exhibit stdlde/s within each year (e.g. Rooi-Els Kloof River -
Constancy = 0.66) and others a meeasonal pattern (e.g. Wit River - Constancy =)0 83omplete

table of the output from the IHA analysis is prasdrin Table App2B.1 in Appendix 2B.

Table 2.4.Summary of annual flow characteristics for thestidy sites using IHA 7.

Contribution of

Site Mean annual  Annual C.V. M;);V&;-\?:y Predictability constancy to

flow (m%s) of flow (%) 3 (0-1) predictability

(m°/s)
(%)

Rooi-Els Kloof 0.25 1.55 0.981 0.56 66
Elandspad 281 3.79 9.551 0.54 50
Molenaars 5.12 2.66 18.840 0.51 46
Eerste 0.79 2.16 2.913 0.41 45
Wit 4.14 2.57 18.200 0.39 33
Wolwekloof 3.16 3.00 2171 0.32 64

Cluster analysis (Fig. 2.3) revealed that the setesites were each distinctive with respect ta flav
variables. Some patterns of grouping or sharedlaiies were visible, though not totally clear.€eTh
Rooi-Els Kloof River was shown to be the most disti followed by the Wolwekloof River and then
the Eerste River, while the Wit River showed a etoseesemblance to that of the Molenaars and
Elandspad rivers. The most closely related site®wee Elandspad and Molenaars rivers, which is to

be expected as the former is a tributary of theedaBtudy sites located on these rivers were thiso

° Prewhitening is the process whereby unwanted auelations in time series data are removed prior t
performing an analysis.
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closest to one another in terms of geographic mista but these sites were nevertheless retained in

order to contrast minor temperature differencesrtiight occur in tributaries of a single drainageaa

The results of the PCO analysis using non-correltiev parameters derived from the IHA analysis are
presented in Fig. 2.4. The first and second ax€O@Pand PCO2) accounted for 35.3% and 32.6%,
respectively, of the total variance in the flow alaheasured across each of the study sites. Flow
variables exhibiting a correlation greater thant0.éhe first two PCO axes have been overlayetien t
form of vectors. The strength and relationshiphef Pearson correlations of these variables to @@ P
axes are indicated by the relative length of thetore(the inner edge of the circle delineating a
correlation of 1), in conjunction with the anglegevectors perpendicular to PCO axis 1 indicate a
weak correlation) and direction of the vectors (¢ign of the correlation is determined relativelie
origin of the PCO axis in question). The similariigtween sites, based on the Euclidean distance
resemblance measure, is indicated by the contaureunding sites at a set similarity distance & 3.
and relates to the cluster analysis presentedyin23.
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Fig. 2.3. Cluster analysis of study sites based on variabé&s/ed from historical daily flow data using the
Euclidean distance measure and group averagedeéss.

30



Chapter 2

Flow prggj:ﬁab&ﬁqammb\ﬂw
Basé index R Ioof

T Day mov,/ave min. flow

Contrib. constancy to predictability

e
(0 —+ Mean anjual flow
Annual C V. flow

Low pulse flow count

PCO2 (32.7% of total variation)

Date of max. flow

PCO1 (35.3% of total variation)

Fig. 2.4. Principle Coordinates Analysis (PCO) of study si(kck circles) usincvariables derived fror
historical daily flow data. Vectors represent vhlés showing correlationr > 0.6) to the first two PCO axi
(PCO1 and PCO2). The inner edge of the circle detigs a correlation of 1. Ellipses around sitegatd the
similarity between sites at a Euclidean distance o

Variables showing the highest correlation to thet ’PCO axis were, in order: mean annual flow, 8-
day moving average of minimum flow, annual C.V flofv and constancy as a proportion of the t
predictability of flow. Variables showing the highestrrelation to the second PCO axis were f{

predictability, baseflovindex and date of maximum floy

2.3.2 Field sampling

Flow and water temperature

Comparisons of twdrwourly air temperatures and corresponding-hourly water temperatures ¢
provided for each of the study sitin Fig. 2.5. Air temperatures were observed to be compai
among sites, while water temperatures were fourxktmarkedl different, especially over the sumn
months from December 2009 to February 2010. Wataperatures recorded between June and Al
2009 were less variable than summer water tempesa@and were similar across all sites excep
Wolwekloof River, forwhich temperatures over this period were mled'® and also the Rooi E-
Kloof River which exhibited markedly reduced short term vatigbover the entire sampling peric

Modelled water temperatures in the WolweklRiver (May to October 2009) were observed to

19 See Appendix 2C for further deta
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distinctly more variable than both the temperatuexorded from the other sites for the same time
period and also the preceeding recorded water temypes from April to May 2009. The Wit River
showed the most variable temperatures over summeontrast to the Rooi-Els Kloof River which
showed the least variability and distinctly loweater temperatures (see also Fig. 2.7). The gap in a
temperatures observed for the Eerste River fronoléget2009 to February 2010 was as a result of a

technical error with the air temperature logget giravented data from being recorded for this pkoib

time.
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Fig. 2.5.Comparison of air (grey trace) and water tempeeatiblack trace) (2 hourly intervals) from the six
study rivers. Dashed vertical lines for the Wolveell River demarcate the period for which water terafures
were modelled from air temperatures. Dashed hotd¢dines indicate 20°C in each plot for comparison

Mean monthly water temperature and mean monthiydsia deviation in water temperature for the
period February 2009 — April 2010 (Fig. 2.6) reeghh noticeable separation of the sites, partigular
over the warmer spring and summer periods (Fig) @ltere the Eerste and Rooi-Els Kloof rivers

maintained lower summer values.
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Fig. 2.6.Mean monthly water temperatures for the six stisrs for the period February 2009 — April 2010.

Similarly, high monthly standard deviation valuesrevobserved for all rivers from the onset of warme
spring conditions (mid-September) through summenitbMarch (Fig. 2.7).The Wit River consistently
showed the greatest standard deviation in mon#yperature over the sampling period, in marked
contrast to the Rooi-Els Kloof which showed the dsiv(Fig. 2.7).
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Fig. 2.7.Mean monthly standard deviation in water tempeesttdior the six study rivers for the period February
2009 — April 2010.

Mean monthly temperatures and mean monthly standevdition in water temperature in all rivers
dropped considerably at the onset of the first éadts in autumn (March/April 2009 and 2010), and
subsequently remained low over the winter perioith ¥ess obvious separation of the sites (Fig..2.7)

When compared to the other sites, the WolwekloeERshowed only slightly warmer modelled mean
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water temperatures over the winter period from Naynid-October, but considerably higher standard

deviation values for the same period.

Accumulated maximum daily water temperatures oruamdated maximum Degree Days (DD)
calculated separately for each of the six sites,the entire period for which temperatures were
recorded (23 February 2009 — 25 April 2010), intidamoderate site separation, with the Wit River
having accumulated the highest number of maximum(DI»1°C) and the Rooi-Els Kloof River the
lowest (6827°C) (Table 2.5). Using accumulated maxn DD, rivers were ranked for this same period
(Table 2.5). Rivers were further compared over $&asonal time periodsiz. “Cooling period": April
—September 2009 and “Warming period": October 20@8+ch 2010) (Table 2.5B and C). For both the
entire period, and the ‘warming’ period, the sameking was achieved using maximum accumulated
DD.

Table 2.5.Thermal rank, accumulated mean, maximum and mimregree Days (DD) collected from the six
study rivers for three time periodg Entire period (23 February 2009 — 27 April 201B),“Cooling” period (1
April 2009 — 30 Sept 2009) ar@g) “Warming” period (1 October 09 — 31 March 2010).

A) Entire Period

Accumulated

Accumulated

Accumulated

Thermal rank using

River mean DD max. DD min. DD accumulated max. DD
(warmest to coldest)

Wit 6750.5 7751.9 6011.1 1
Elandspad 6704.4 7597.5 6062.9 2
Molenaars 6724.2 7533.1 6161.3 3
Wolwekloof 6812.0 7441.1 6311.2 4

Eerste 6488.8 7389.0 5913.6 5
Rooi-Els Kloof 6415.7 6827.7 6147.8 6

B) Cooling period

Accumulated

Accumulated

Accumulated

Thermal rank using

River mean DD max. DD min. DD accumulated max. DD
(warmest to coldest)
Eerste 2239.8 2512.3 2091.0 1
Wolwekloof 2306.5 2436.4 2194.9 2
Elandspad 2178.2 2401.8 2030.3 3
Molenaars 2174.4 2383.4 2038.7 4
Wit 2129.8 2377.6 1962.9 5
Rooi-Els Kloof 2207.1 2354.9 21155 6

C) Warming Period

River

Accumulated

Accumulated

Accumulated

Thermal rank using
accumulated max. DD

mean DD max. DD min. DD
(warmest to coldest)
Wit 3442.3 4018.2 3014.2 1
Elandspad 3384.1 3901.7 3012.8 2
Molenaars 3405.8 3862.6 3069.9 3
Wolwekloof 3381.1 3764.9 3079.1 4
Eerste 3175.8 3697.9 2842.8 5
Rooi-Els Kloof 31375 3337.4 2993.8 6
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Similar to the rankings of the six study sites avkd using accumulated maximum degree days,
thermal duration curves produced for the studysdii@sed on mean daily water temperatures from 1
April 2009 to 31 May 2010 (Fig. 2.8), revealed ttie Wit River showed the greatest percentage time
exceeded in a year for summer temperatures, fotlowlesely by the Wolwekloof, Molenaars and
Elandspad rivers, while the Eerste and the Rooi-Elsof rivers revealed the lowest water
temperatures. Greatest separation of sites occimrdng warm end of the water temperature spectrum,
essentially during the summer months of Decembérikey (Fig. 2.8). All sites, barring the Rooi-Els
Kloof, however showed convergence in terms of thecgntage time exceeded in a year for which
temperatures were below approximately 15°C, sugggsgenerally similar water temperatures
durations during the winter months (June-Augusty.(2.8). The Rooi-Els Kloof River exhibited a
slightly higher percentage time exceedance of teatpees in the middle of the water temperature
spectrum, relative to the other sites, indicatifeaamore stable thermal regime, perhaps owing to
thermal buffering from ground water inputs throughthe year (Fig. 2.8).
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Fig. 2.8.Temperature duration curves for the six study dieshe time period 1 April 2009 - 31 March 2010.
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Monthly precipitation data (calculated from dailcords), for each of the sites, are presentedgn Fi
2.9. While the first rainfall events of the seasmre recorded in early autumn (April/May) for seater
of the sites (coinciding with the first cold fromtassing over the Western Cape), highest precdiitat
values were recorded in June for all sites. Theusntnof rainfall experienced at each site was shtawn
differ somewhat, with the Rooi-Els Kloof receivingpe lowest monthly precipitation and the
Wolwekloof the highest. Total rainfall recorded tbe period (March 2009-April 2010) at each of the
sites was: Eerste - 1056mm, Elandspad — 657mm,rdals — 657mm, Rooi-Els Kloof — 282mm, Wit
— 812mm and Wolwekloof — 1965mm.
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Fig. 2.9. Total monthly precipitation (calculated from dailgcords) from the six study rivers for the period
March 2009 - April 2010. Data with permission froine South African Weather Service (SAWS).

Mean monthly flows varied considerably among siteith certain rivers \(iz. Molenaars, Wit,
Elandspad) showing peak flows orders of magnitugatgr than flows occurring over the same time
periods in the remaining rivers (Eerste, Wolwekl@fd Rooi-Els Kloof). All sites experienced
coinciding periods of high flows or spates in thentins of June and November 2009 (Figs. 2.10, 2.11).
The first winter flows in each river occurred irrlgavay 2009 (Fig. 2.10). These first flows marleth
onset of the first heavy winter rains (Fig. 2.93anore variable hydrological conditions at the ssiir

the general period spanning from May 2009 (aututhrugh to November 2009 (spring). After the
late-spring spate in November 2009, flows returt@daseflow conditions, which prevailed from
December onwards through summer. Baseflows recdiatedach site were: Eerste — 0.03-0.14m
Elandspad — 0.50-1.19f8, Molenaars — 1.02-2.291s, Rooi-Els Kloof — 0.13-0.18fs, Wit — 0.24-
0.27n/s, and Wolwekloof — 0.01-0.1%s.
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Fig. 2.10.Mean monthly flow (discharge) values collected frtm six study for the period February 2009 —
April 2010.
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Fig. 2.11.Mean monthly standard deviation in flow (dischargellected from the six study rivers for the period
(February 2009 — April 2010).

Mean monthly standard deviation values for flow @ven average highest in the Molenaars River, for
the time period from May to December 2009, withiafaitity noticeably higher than other sites during
spates in June and November (Fig. 2.11). The WitElandspad rivers showed similar trends in mean
monthly standard deviations ranging from 3 to #srfrom May to December 2009, but the Wit River
showed greatest variability in flow during late w@n(August to September). As with the mean monthly
flows, the lowest mean monthly standard deviationflow were exhibited by the Wolwekloof, Eerste
and Rooi-Els Kloof rivers respectively, in orderdgfcreasing variability.
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Thermal metrics and multivariate analyses

The six study sites exhibited a wide range of meanperatures and of thermal predictability and
constancy values (Table 2.6). Predictability valtmswater temperature were generally higher than
those reported for flow metrics and ranged fron6 Wit River) to 0.64 (Rooi-Els Kloof River), while
mean annual water temperatures ranged from 14.88i{Rs Kloof River) to 15.81°C (Wolwekloof
River). The moving average of maximum water temipees over a 30-day period showed a range of
almost 7°C among the sites. Constancy values wemnerglly lower for water temperatures than for
flow, suggesting a stronger seasonal cycle of teatpe within the year. However certain sites sttbwe
signs of maintaining more stable temperatures withe year (e.g. Eerste River- constancy = 0.46) in
contrast to the Wit River which had the lowest ¢ansy score (0.31). A complete table of the output
from the thermal metric analysis is presented ibld&pp2B.2 in Appendix 2B.

Correlations of Colwell's predictability indices mgecalculated with respect to to several annual
statistics are provided in Table 2.7. Correlationicated several strong relationships between @nnu
flow and water temperature statistics and varigbitieasures as well as a significapt<( 0.05) link

between the annual C.V. of flow and mean annua¢mtamperature.

Table 2.6.Respective annual water temperature characteyigtistudy sites obtained from metrics developed by
Rivers-Mooreet al. (2008a, 2010).

Mean annual Annual C.V.  Max. 30-day mov. Contribution of
Site water of water ave. of water Predictability constancy to

temperature  temperature temperature (0-1) predictability

(°C) (%) (°C) (%)

Rooi-Els Kloof 14.98 22.82 20.39 0.64 42
Molenaars 15.66 28.09 24.49 0.61 36
Elandspad 15.60 27.83 25.06 0.60 35
Eerste 15.13 24.20 23.04 0.59 46
Wolwekloof 15.81 26.53 24.95 0.59 36
Wit 15.71 31.27 27.10 0.56 31

Table 2.7.Correlation matrix for annual descriptive statistderived from daily hydrological and thermal diata
six selected study sites in the Western Cape. &irorrelation coefficients (> 0.5 and < -0.5) are marked in bold
and significant correlationg & 0.05) are marked with an asterisk.

Contribution of

Mean annual Annual C.V. of Flow
. . flow constancy to
flow flow predictability . .
predictability

Mean annual temp. 0.405 0.896 * -0.459 0.168
Annual std. dev. temp. 0.822 0.402 -0.546 -0.500
Annual C.V. of temp. 0.844 0.265 -0.517 -0.604
Temp. predictability -0.323 -0.100 0.722 0.726
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Cluster analyses based on variables derived froity daater temperature (Fig. 2.12) revealed a
separation of the sites almost identical to thageolbed when using daily flow data (see Fig. 2.8). |
general, some shared similarities between the NMalen) Elandspad and Wit rivers resulted in these
particular sites showing some degree of groupindewbr the most part the remaining sites appeared
to be unique in terms of their thermal charactiedsfThe Rooi-Els Kloof River was shown to be most
thermally distinct from the other sites, likely awjito a combination of a high thermal predictayilit

and constancy score.

The results of the PCO analysis, using non-coedldhermal parameters derived from the thermal
metrics, are presented in Fig 2.13. The first aazbsd axes (PCO1 and PCOZ2) accounted for 44.9%
and 30.7%, respectively, of the total varianceha temperature data measured across each of the

respective study sites.
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Fig. 2.12.Cluster analysis of study sites based on variatdetved from daily water temperature data using the
Euclidean distance measure and group averagedeéss.
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Fig. 2.13.Principle Coordinates Analysis (PCO)study sites (black circles) using variables derifredh daily
water temperature data. Vectors represent variatlesiing correlationsr > 0.6) to the first two PCO ax
(PCO1 and PCO2). The inner edge of the circle detigs a correlation of 1. Elliis around sites indicate t
similarity between sites at a Euclidean distanc®. 6f

Variables showing the highest correlation to thestfiPCO axis were, in order. annual C.V.
temperature, count of water temperatures belowrtimmum threshold ancemperature predictabilit
Variables showing the highest correln to the second PCO axis were: thdag- moving average

minimum temperature, mean minimum temperature asahnmonthly temperature for Noveml|
Regime shift analyses

Significant differencesp(< 0.05) were observed in the number, timing and madaiof regime shift
in both temperature and flow data collected froncheaf the six study sitesFig. 2.14). Tables
summarizing the regime shifts for each of the gvare presented in Appeix 2D. In Fig. 2.14,
significant < 0.05) regime shifts are shown for the durationhef sampling period for both flow al
temperature data. Given the more labile naturenefhtydrological regime and separate flow eve
positive regime shifts in thmean values a in most cases accompanied by negative shifts dogu
shorty afterwards. Such trends were not evident in shifts detected in the temperature data.
timing of these shifts did not always coincide asravers and certain shifts w not evident across all

rivers for these period3able App2D.1 in Appendix 2L.
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Fig. 2.14.Regime shifts in mean daily flow records and meaitydvater temperature records for six rivers in
the Western Cape, South Africa for the period M&@89 — May 2010. Red and blue lines indicate pasénd
negative regime shifts respectively. Line widthresgnts the magnitude of shifts in terms of theifRedShift
Index (RSI) relative to previous regimes. Grey igaftbars denote the duration of the four seasdiiseoyear
based on the calculation of thermal metrics by éRivMooreet al. 2010).

Shifts in the daily water temperature data priothe onset of winter (mid-autumn) appeared to be

largely unrelated to shifts in the flow regime.dantrast, the large negative temperature shifaie-I
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spring (~6 November) for all sites was clearly &dkio the late spring regime shift in flow. Genlgral
all six rivers showed similar timing of temperatwgieifts with the exception of the Rooi-Els Kloof,

Wolwekloof and the Eerste rivers (Table App2D.Appendix 2D).

The number of regime shifts experienced in the aetsyge rivers provides an indication of both the
thermal and hydrological variability/stability ofie rivers over the study period The Rooi-Els Kloof
River incurred only four thermal regime shifts owle study period, all of which were of low
magnitude in terms of the RSI. In contrast, the Rfiter experienced twice as many thermal shifts ove
the same period, several of which were relativatgé in terms of the RSI. The first shift in thedRo
Els Kloof River also occurred later than in othévers, marking a delayed decrease in water
temperatures towards autumn/winter. This patters warrored in the Elandspad and Wolwekloof
rivers. Additionally, sites experiencing a great@mber of spates and late winter flow regime shifts

incurred a delay in the timing of positive temparatshifts towards the onset of spring.

Physicochemical variables

Changes in DO, pH, EC and turbidity, collected anthly intervals from the six sites for the duratio
of the sampling period (April 2009 — April 2010fgashown in Fig. 2.15.

DO concentration levels at all study sites incrdasehighest levels in August following initial wir
spates in June and July in conjunction with thelgah decline in mean water temperature values (Fig.
2.15). The Rooi-Els Kloof, Wolwekloof and Elandspaivers had the highest average DO
concentrations over the sampling period of 10.0F.Q5, 9.92 + 1.37 and 9.85 + 1.05mg/l while the
Wit, Eerste and Molenaars rivers showed lower \&ahfe9.63 + 1.44, 9.62 + 1.04 and 9.53 + 1.15mg/l
(Fig. 2.15).

Mean EC values for all sites were low, ranging leetw 11 and 28uS/cm over the duration of the
sampling period (Fig. 2.15). Values at all sitegevbighest during the warm late-summer to autumn
months (February — April). High values observedhia Eerste River especially in May 2009 are likely
to have been a result of large amounts of ashasit sediment entering the system during the first
winter spates following a fire that spread throtigh Jonkershoek Nature Reserve in late Februaly/ear
March 2009.

At all sites pH ranged between 4 and 7 (Fig. 2.W®an pH values in the Wolwekloof, Rooi-Els Kloof
and Wit rivers were the most stable over this gershowing only slight increases over spring and
summer (October to December). Mean values withdst@h deviations (calculated over the entire
sampling period) for these rivers were 4.4 + 0.8365: 0.4 and 4.7 + 0.5. For the remaining rivaes
Eerste, Elandspad and Molenaars, values were nadlsghigher 5.81 + 0.8, 5.27 + 0.6 and 5.60 £ 0.8.

Values in the Eerste, Elandspad and Molenaarssrivere more variable and showed sharp declines in
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June coinciding with the first winter spates, folld by peaks in July and then gradual increases ove

spring and summer to more stable levels.

In general low average turbidity values (0-2 NTWisNephelometric Turbidity Units) were recorded
from all sites during the sampling period with #seeption of the Eerste River (Fig. 2.15). Turlyidit
levels in the Eerste River were considerably affécs a result of the fire, and subsequent flusbing

the system during the initial winter spates in June

Sites showed distinct separation with respect tvachannel width measurements, which correspond
directly to the mean annual flow measurementsHerrivers (not shown in Fig. 2.15). During the low
flow summer periods, the Wit, Rooi-Els Kloof and Wekloof rivers had the lowest channel width
measurements ranging from 3 to 5m, while in thenh Higw winter period, the Wit, Molenaars and
Elandspad rivers were shown to have the highesesgalanging between 15 and 20m. Sharp increases
in channel width for all rivers were observed imdwoinciding with the winter spates. Channel width
in the Wit River increased approximately 10-foldidg spate conditions in June with values reaching
as high as 40m. Values remained elevated througheutvinter period before gradually declining in
spring. As channel width can increase/decreasdlyaguring spate conditions, the snapshot of chianne
width taken on each sampling occasion does nadlylileflect the full extent of channel width changes

experienced in each river

43



Chapter 2

—+—Eerste Elandspad —&— Molenaars ——Rooi-Els Kloof —s%— Wit —8—Wolwekioof —+—Eerste Elandspad —#—Molenaars —%— Rooi-Els Kloof —%— Wit —e—Wolwekloof

A13

)

E 12

c

2 1

£

&

8 10

c

<]

Q

e 9

&

2

s 8

g,

@

-

a 6 @ @ @ @ @ @ @ o o o )
g 8 3 8 8 g g g 3 ° 2 e @ * = £ & = & 3 B § = 5 7 @
s oy & = & 3 & < = B c 35 =] = & B
: £ 3 3 2 8§ 8 & & 8§ ¢ § 2 < &£ 3 5 2 & o 2 & § ¢ 2 2

Month Month

—+—Eerste Elandspad -~ Molenaars —»—Rooi-Els Kioof —#—Wit —&—Wolwekloof —a—Eerste Elandspad —#— Molenaars —%—Rooi-Els Kloof —#%—Wit —— Wolwekloof
10.0 75

9.0 7.0 4

8.0 6.5 1
é 7.0 6.0

6.0
i 5.5 1

5.0 T

3 250

5 40

5 |

= 30 4.5

1.0 4 3.5 1
0.0 -+ 3.0 T ‘ \ 1
$ 8§ ¢ &8 § 8 8 § & § & ¢ ¢ ¢ & & 8 & & & § & £ 2 2 %
A > c 5 = ° > Q c H a o > c 5 =] ° > Q = H B
< & 3 5 2 4§ o 2 & 3 ¢ =5 < < & 3 5 2 & o 2 & 8 ¢ 2 2
Month Month

Fig. 2.15.Mean monthly measurements of four physicochemical variables collected from six rivers in the Western Cape, South Africa for the period February 2009 — April 2010
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A summary of the major water chemistry variableedran values) obtained from historical records
from the Department of Water Affairs for each ok thix study rivers is provided in Table 2.8.
Measurements in most cases, apart from pH, wergasiamong study sites. One exception was the
Eerste River which showed marginally higher valoésotal dissolved solids (TDS), sodium (Ma
alkalinity and chloride (C) than the other sites. Additionally the Rooi-El®&f, Wit and Wolwekloof
rivers showed slightly lower Potassium‘jHevels than the other sites while the Wit and WéNloof
rivers also revealed sulphate levels {5Calmost twice as high as the other sites. Highisite and
nitrite values (N@+ NO,-N) were observed in the Molenaars and Elandspadsriand were almost 2-3

times higher than other sites.

Table 2.8.Summary of historical water chemistry data for sisers in the Western Cape, South Africa. Median
annual values are reported for each variable ferpariod of data collection specified. Standardiaten is
provided in brackets. Data with permission from Bryment of Water Affairs Water Management System.

Variables Eerste Elandspad Molenaars Rﬁgjls Wit Wolwekloof
TDS (mg/L)* 27.00 21.39 23.00 19.49 21.69 20.00
c&* (mg/L) 1.55(1.07) 1.37(1.27) 1.06(1.05) 1.08(1.02) 1.09(1.61) 1.21(1.54)
Mg? (mg/L) 0.82(0.36) 0.74(0.35) 0.65(0.34) 0.69(0.40) 0.75(0.80) 0.69(0.85)
K* (mg/L) 0.52(0.19) 0.49(0.52) 0.50(0.34) 0.31(0.37) 0.33(0.40) 0.28(0.35)
Na" (mg/L) 5.13(1.09) 3.11(0.91) 3.63(1.11) 2.57(1.33) 3.26(2.91) 2.88(3.87)
Alkalinity (mEg/l) 6.00(3.22) 5.23(3.19) 5.74(3.79) 5.72(3.90) 5.29(5.40) 5.21(5.42)
CI" (mg/L) 9.12(2.69) 5.89(1.84) 5.98(1.93) 4.81(2.07) 6.12(4.65) 5.98(6.22)
F (mg/L) 0.08(0.05) 0.08(0.06) 0.08(0.06) 0.08(0.07) 0.08(0.06) 0.08(0.06)
Silicate (mg/L) 3.07(1.00) 2.43(0.89) 3.01(1.37) 430.70) 1.80(0.95) 1.68(0.81)
SO2 (mg/L) 3.78(2.00) 3.38(1.94) 3.89(2.56) 3.60(2.85) 44048 4.36(3.18)
NOs;+ NO,-N (mg/L) 0.04(0.04) 0.11(0.10) 0.08(0.08) 0.03@).0 0.03(0.05) 0.03(0.11)
NH4N (mg/L) 0.02(0.01) 0.04(0.05) 0.04(0.06) 0.04@).2 0.05(0.24) 0.04(0.03)
PO P (mg/L) 0.02(0.03) 0.03(0.02) 0.02(0.02) 0.0119.0  0.02(0.08) 0.02(0.04)
pH 6.46(0.65) 6.21(0.80) 5.87(0.98) 5.77(0.86) 04D) 5.32(0.95)

Data collection (years) 1978-1994 1995-2010 1970920 1973-2009 1971-2010 1983-2008

*A rough conversion from TDS to EC is provided iallas & Day (2004): TDS(mg/l) = EC(mS/m) x 6

2.4 Discussion

2.4.1 Site selection procedure

The site selection procedure, based on the anabfsigstorical flow data using the IHA software
package provided a useful method for selectingssighibiting a wide range of hydrological
characteristics including seasonal variability lmM. The study sites exhibited a range of annuak/fl
statistics Yiz. mean annual flow, C.V. of flow, minimum and maximumoving averages as well as
Colwell's indices of predictability). It has beerrdonstrated that variation in flow volumes impact
thermal patterns (Rivers-Mooe al. 2004, 2005). As such, the range in flow statisfigisen compared

to findings regarding several other rivers acrosstls Africa) (Rivers-Moorest al. 2008a, 2008b) was
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considered to be large enough to produce the deswmecomitant range in thermal characteristics

necessary for the purposes of examining the immadtife cycles of selected aquatic insects.

In terms of Colwell's predictability indices, theahpredictability values did not show the same eang
across the rivers as was observed for flow preiigia This is most likely to be an artefact ofing
only 13 months' worth of temperature data for dakng predictability indices (which generally
require a minimum or five years data in the casevater temperature and a minimum of 20 years for
flow data (Dr. Nick Rivers-Moore, pers. comm., Umisity of KwaZulu Natal, 2009)). Thermal
predictability indices were therefore unable tovyule information on interannual thermal variability
This said, rivers experiencing more variable flosnditions generally exhibited higher mean annual
water temperatures (Table 2.7). Furthermore rivéte higher mean annual flow exhibited a higher

annual standard deviation and annual C.V. of wataperature (Table 2.7).

Water temperature metrics calculated for data 20@9-2010, while not allowing for interpretatiorfs o
interannual variation, did however offer first igists into the intraannual variability of the thefma
regime in the rivers. Analyses of thermal datasatéid for each of the study sites, when compardukto
initial analyses performed on historical daily flalata, revealed a similar grouping of sites (FB)S,
2.11). A strong correlation between mean annuatmiamperature and annual C.V. of flow along with a
strong correlation between thermal predictabilind dlow predictability was found (Table 2.7). This
suggests that differences in flow characteristiveray the sites are mirrored by differences in tiaérm
characteristics. In turn this observation suppibrtscontention by Ward (1985) that Southern Hengisph
rivers (including highly variable South African eirs) with extreme flow fluctuations typically extib
concomitant extreme temperature fluctuations wigtnked interannual differences in thermal regiméss T
in effect implies that flow regimes/flow predicthiyi could be used as a proxy to evaluate diffeteetmal
regimes/thermal predictability and is supportedthny findings in this study. Some evidence of tkis i
provided in Rivers-Mooret al. (2008a, 2008b) who have shown that maximum dig¢emtemperature
range increased and thermal predictability decteagth increasing stream order (generally incregasin

flow volumes).

In the PCO plot of water temperatures (Fig. 2.183, Wolwekloof River was most distinct from the
other sites as a result of a combination of reddyivhigh values for the variables mean monthly
temperature for July, annual mean minimum tempegand counts of temperatures below the
minimum threshold. This may be due to the effedtshe modelling of water temperatures for the
Wolwekloof River over the winter months. Particlyanote worthy are the considerably high modelled
standard deviation values for the Wolwekloof Rieeer May-Mid October 2009. This is most likely

due to the fact that the model can not accuratetpunt for cold groundwater inputs during winter
months. These groundwater inputs would likely reguladditional buffering of thermal variability,

thereby reducing standard deviation of water teatpees to values similar to those observed in other
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rivers over winter. Though, since a) the modelleeemmonthly water temperatures appeared to be
consistent with the mean temperatures recordedhtrother sites, and b) the mean monthly water
temperatures were the primary variable used folyaesa in this study (rather than standard devigtion
the modelled temperatures were thus considereduatiedor the purposes of this study. That said
modelled standard deviation, maximum and minimuity deater temperature data for the Wolwekloof

River, should be considered with caution when priting life-history data presented in Chapter 4.

2.4.2 Field sampling

Flow and water temperature: metrics and multivariate analyses

Daily flow and water temperature data collectedrdlie study period confirmed the separation ofsite
based on the historical daily flow data used in ithidal site-selection procedure. Daily flow data
showed a good separation of sites, with the lanelenaars, Elandspad and Wit rivers all showing
higher sustained flows over the entire period friate autumn through winter (April-September) in
comparison to the smaller Wolwekloof, Eerste andiffds Kloof rivers. These differences in flows
are largely attributable to a) the relative sizethe catchment areas feeding these streasnmething
which could be investigated further by reanalysiing data using specific discharge (discharge/area)
which would serve to remove catchment size effemisthe flow data, b) the amount of local
precipitation at each site (Fig. 2.9), c) streameor(e.g. the Molenaars and Elandspad rivers ate bo
second order streams) and d) the respective posifithe site in relation to the longitudinal ptefof
each river. Greatest differences in water tempegamong the sites were observed for summer and
autumn (December to March), where water tempersitdifered by as much as 7°C over a 30-day
period (from roughly 20°C to 27°C). In the light cent LEoand CTM work conducted on aquatic
invertebrates in South African rivers (see DallaB&ley 2011, Dallas & Rivers-Moore 2011), thermal
differences as great as these could result in wataperature threshold limits for development and
even survival of several aquatic insect speciesgoseached or surpassed at some of the study sites.
The differences in water temperatures and flowsbéed at each of the study sites thus provide@lgo
contrast against which to compare the life-histagponses and timing of traits of selected aquatic

insect taxa.

The Rooi-Els Kloof River provided the best example river with both a high constancy score and a
high predictability score for both flow and tempera. The low stable temperatures observed in this
river over summer, despite the fact that air temjpees were similar to the other streams, in
conjunction with the low standard deviation in béitw and temperatures as well as markedly higher

baseflow index, suggest that this stream is in leagfely groundwater féd While all perennial rivers

1 A preliminary analysis of Hydrogen and Oxygen dgt D and3'®0) samples, collected from the study sites,
was also conducted but it did not yield conclusifermation as to the extent to which the studersvare fed by
groundwater. The investigations suggested that\theRiver may have the lowest relative input of gndwater
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in the Western Cape are likely to receive some mplaiater inputs that sustain baseflows over summer
(Assoc. Prof. Jenny Day, pers. comm., UniversityCape Town, 2009), certain rivers are likely to
receive a greater contribution of groundwater iggban others (e.g. the Rooi-Els Kloof River). Medi
groundwater levels were observed at the greatgshdse this site when compared to the other sites
(Table 2.2). This finding may seem counter intdtivn that deeper groundwater reserves could be
thought to have less of an impact on the site. Hew# could also be possible that the river ismgly
influenced by groundwater nonetheless through gresence of greater subsurface reserves of
groundwater at the site and b) the fact that thispeér groundwater may be less affected by surface a
temperatures than shallow groundwater reservedsatitis colder. The Eerste River showed similar
thermal trends suggesting that it may too receiuge inputs of groundwater, however median
groundwater levels and baseflow index values didpmovide sufficient support for this conjecture.
Further studies such as stable isotope analysesy(osonthly samples of river water in conjunction
with local precipitation samples and borehole sasiphre needed to confirm these speculations of

groundwater inputs.

In contrast, the Wit and the Wolwekloof rivers agpéo be more run-off dominated rather than
groundwater dominated — as evidenced by the lowestmal and hydrological predictability and

constancy scores (arising from highly variable flamd water temperatures).
Regime shift analyses

The number of flow regime shifts at each site datesl to Colwell's predictability values based on
historical flow data, while the timing and magnituaf the shifts appear to be related to both theng
and the amount of precipitation experienced at s#teh The regime shift analyses indicated thétsshi
in the flow regime for the sampling period variedass all six rivers, but two distinct groupingsreve
obvious, these were: Group 1, rivers with moremegshifts (i.e. more variable flow) in the sampling
period (the Eerste, Wit, and Wolwekloof) and Grd@ypivers exhibiting fewer regime shifts (i.e. less
variable flow) in the sampling period (Elandspadpl&haars, Rooi-Els Kloof). Rivers in Group 1
showed the three lowest flow predictability valussculated from historical daily flow data, while

rivers in Group 2 exhibited the three highest dalma predictability values.

Excluding the additional shifts that were exhibitsdrivers in Group 1 (from July to September 2009)

as a result of more variable flows in winter, tedative timing and duration of the shifts in theame

compared to the other study rivers. The Wit Rivaswthe only river to have an isotopic signaturbasfeflow that
plotted below the Local Meteoric Water Line (LMWIgormally indicative of a) a strong evaporativesetfor b)
recharge from high altitude source. The evaporafiect could be a result of less groundwater irtpuiaseflow
and higher air temperatures, but since isotope afdtarehole samples as well as precipitation samfstbm each
of the sites are unavailable for comparison toriher water samples collected, the available infaiom (in the
absence of a dedicated isotope study) was nocmiffito draw concrete conclusions. As such théenatas not
taken further in this study.
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values were similar across all rivers. Differengeiming were often not more than two to three glay
apart (see Appendix 2D). This suggests that fonbst part the same climatic conditions or colehfso
were responsible for the shifts in all rivers, withserved differences in the number of shifts,dbrgs

a result of the relative amount of precipitatiortarcing at each of the sites (linked also to tHatree
size of the catchments). In general regime shiétheses of flow appear to provide a useful tool for

gquantifying the "flashiness" or intraannual variiypiof the hydrological regime in rivers.

With the exception of the spring spate that ocalsienultaneously in all rivers, the timing of thexim
regime shifts was shown not to be as closely reélaighe timing of hydrological regime shifts asswa
initially expected. While the sites generally shdwsmilar timing, number and duration of thermal
shifts, some subtle differences in the trends werted. Positive spring and summer thermal shifts
occurred later in the Wit, Wolwekloof and Eersteers. These later shifts appear to coincide wigh th
timing and number of hydrological regime shifts eh®d from July to September, suggesting that
spates and high flows occurring slightly laterlie tainy season delay the onset of warmer spridg an
summer conditions in these rivers. Additionallygbeivers also revealed lower predictability scanes

terms of both flow and temperature.

The Rooi-Els Kloof River, which was noticeably tt@dest river during the spring period, appeared to
be unaffected by the cooling effect of the sprimtddront (45" November) which led to negative
thermal shifts in the other rivers. This could lseaaresult of the higher baseflow index calculdted
this river which in turn suggests a greater re@afwvoportion of groundwater input compared to the
other rivers (see Appendix 2B and Table 2.2). Ayéaproportion of groundwater input over the year
could have the effect of buffering water temperagyin turn reducing the cooling effects of potanti
snow melt input and also cold fronts or relatedmstevents (see Sear al. 1999). This is most apparent
in the comparison of air temperatures and watepésatures, specifically between the Wit and Rooi-

Els Kloof rivers (see Fig. 2.5)

In general thermal shifts occurred seasonally ardept for spring, the shifts occurred indepengent!
of flow. Flow regime shifts occurring later in tiseason, from late winter to spring and affected the
timing of positive thermal regime shifts. The gerabumber of high flows and flow regime shifts
experienced over this period resulted in a delayadning of water temperatures in early summer.
Within the year over which the sampling was conéldconly two major periods of thermal regime shift
were evident (see Fig. 2.14 and Appendix 2D). Thasfts occurred simultaneously across all rivers
and coincided closely (roughly within 2 weeks intth8009 and 2010) with dates marking the March
(autumnal) and September (spring) equinoxes (204afch and 22-23 September, respectively). In
2009 the daily average hours of sunlight for Capevil, South Africa for the period between"20
March and 22 September was 10.88 hours, compared to 13.13 Hmetseen the period 22
September 2009 and 2March 2010. As such while thermal shifts wereliaficed to a degree by
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flow, they appeared to be largely driven by photmue(day length changes coinciding with the dates

of the March and September equinoxes).

Physicochemical variables

Generally in clear perennial mountain streams D€eldom a limiting factor, as it very rarely drdps

levels low enough to negatively affect aquatic tédgnes 1970). In this study the lowest levels of
oxygen saturation were recorded for the warmest rower summer, namely the Wit River (see Fig.
2.15). These levels however were still within tlemge of 85-90% oxygen saturation, suggesting

suitable habitat conditions even during this wand bbw flow period in this river.

In general, EC showed a typical inverse relatigmstith flow. Marked declines in EC were observed
over periods of high flows (June, October), likelye to dilution from winter spates, while levels
increased substantially during slower flowing warperiods (see Fig. 2.15). Some increasing tremds i
EC were observed over late-winter as flows resitiatlJevels once again dipped as a result of dituti
with spates occurring in November. The observedkgeda turbidity and EC in the Eerste River
(associated with a fire in its surrounding are&) wnlikely to have had any major adverse effectthen
biotic responses of taxa within the river. Howevagh levels of Total Suspended Solids (TSS) might
have reduced the amount of light penetrating theem@olumn thereby affecting primary productivity

and growth rate for certain ta¥Xa.

Overall sites showed pH mean and range valuesagimilthose presented for fynbos mountain streams
in the southern and western coast water qualityagement area (see Dalletsal1998). Sharp declines
were observed in the pH levels for three rivetig.the Elandspad, Molenaars and Eerste) during the
winter spates in June and August, supporting tidirfgs of Dallaset al. (1998) (see Fig. 2.15). In the
Rooi-Els Kloof and Wolwekloof rivers, pH levels ramed largely the same for the entire winter period
and showed typical increases with the onset of wanvater temperatures in spring and summer. The
decreases observed from April-June for the majaffitye rivers most likely relate to the fact thawer
levels of pH are commonly observed following thwstfheavy rains of autumn and winter which result
in high flows or spates (Dallas al. 1998). The first spate conditions of the seasallysresult in the
flushing of organic and humic matter that accumadaiver the autumn leaf fall, which in turn leaadls t
an increase concentration of organic acids in theewbody and thus lower pH levels (Dalktsal.
1998). Heavy rainfall events also lower the pH iwkr water as a result of rain water taking up
dissolved minerals and organic molecules as it giates through soil within the catchment and
eventually enters the rivers. The observed incees@H for the Molenaars, Elandspad, Eerste rivers
and, to a degree, the Wit River during July coelidte to pH levels re-stabilising after initial hifow

events and after flushing of natural salts fromaatehment. Similar trends in the timing of ledf éad

This conclusion is based on the findings of Brit{a®91) in a study looking at the impacts of fine @ river
within the same catchment as the Eerste River.

50



Chapter 2

the accumulation of Coarse Benthic Organic Mat@BQ@M) in rivers within the Western Cape were
noted by Kinget al. (1987) and Stewart & Davies (1990). The rangestorded pH values for each of
the study sites can also be attributed to diekdiaons in pH (see Dallat al. 1998), as measurements

were recorded at different times of the day at esiteh

Sites selected for this study were all situate@ither mountain stream or transitional zones, withi
protected (nature conservation) or wilderness ar€his was purposely chosen in order to as far as
possible control for factors (such as water qualayiables), which may have further confounded the
analyses of biotic responses of aquatic invertebrab flow and temperature gradients. Values
calculated for all chemical constituents are wethin the Target Water Quality Range (TWQR) values
presented in the water quality guidelines for Sdiftita (Department of Water Affairs and Forest896)

and are representative of healthy upper reachesuohtain streams in the fynbos biome of the Western
Cape (see Dallaat al. 1998). Annual median and standard deviation vadfi@mportant water chemistry
constituents provided in Table 2.8 indicated thagrdong time periods sites were generally sindlad
shared similar ranges of values, though some ndiffarences were observed. Most noticeable was the
range in pH values among the sites as well as lthated nitrate + nitrite values especially for the
Molenaars and Elandspad rivers. While these diffege cannot be ignored, in this study water
chemistry constituent data such as those provide@iable 2.8 from the DWA were not measured
during the sampling process, owing to cost limitasi, and thus cannot be directly linked to lifetdnig
data presented in Chapter 4. This said, apart frdnand perhaps nitrate + nitrite values, it is kedly

that other chemical constituents (barring exposatexic levels) would have even minor influences o
aquatic insect life-history traits as water tempae and flow are the major variables driving lotic
ecosystems (Poff & Ward 1989, Tockmral. 2000).
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Molecular investigations ofLestagella penicillata
Aphanicercellaspp. andChimarra ambulans genetic profiles for
interpreting life-history traits
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Summary

Detailed systematics including molecular analyses iaportant for studies of life-history trait
responses. This is particularly true for the taxauestion, in relation to environmental conditioas
they provide better insight as to whether life-brigt plasticity or genotypic variation underlies the
observed differences. Additionally, molecular desa provide confirmation of species identification,
which is crucial in life-history analyses. In thikapter molecular analyses were performed using the
COL1 gene of target species of the Ephemeroptarstdgella penicillata PlecopteraAphanicercella
clavata, A. flabellata, A. scutata, A. barngr@ind TrichopteraGhimarra ambulans collected from
each of the six study sites as well as an additisite. on Table Mountain. The main aims of this
molecular investigation were to a) assess intrd-iater-specific genetic divergence between sgecie
from each of the study sites b) detect cryptic gsecomplexes potentially overlooked by current
taxonomy and c) assess the possibility of catchrisatation. The CO1 data suggested that Hoth
penicillata (maximum of 28.7% CO1 gene divergence among tkesgidy sites and the Table
Mountain site) andC. ambulangmaximum of 13.5% CO1 gene divergence betweeneTktduntain
site compared to six study sites) populations sldoexddence of having diverged to the point where
they could be considered to be separate (siblipgkies. The presence of previously undescribed
morphologically cryptic species complexes, evolvingder different environmental conditions
(hydrological, thermal and chemical), could accdontthe divergences observed, though the effefcts o
incomplete lineage sorting, should not be ruled &uirther, morphological and molecular analyses,
with more extensive sampling and the utilisatioradélitional genetic markers (e16SandPEPCK
along with IBD analyses are suggested to resoleesyistematics of these taxa. Pghanicercellathe
CO1 gene was able to successfully resolve the fpecies identified by current taxonomy.
Additionally, molecular data was used in conjunttiwith diagnostic characters to confirm the new
descriptions provided here of early-instar (inchgdinstar 1) nymphs oA. flabellata Results of this
study presented a prime example of a case wherentuaxonomy had overlooked cryptic species
diversity, which could substantially confound reésudf life-history studies and experiments of spgci
thermal tolerance limits. More specifically, thasu#s suggested that life-history data, egg devetop
and rearing experiments far penicillatashould be interpreted in conjunction with molecuata. In
other words, variable egg development responsestheexpected fdr. penicillatapopulations given
knowledge of the evolutionary status of the différpopulations. A finding that warranted further
investigation was that of consistent molecular djeace observed in populations of all three study
genera collected from the Window Stream site (Taldrintain) compared to sites in other mountain
ranges. This suggested that thermal tolerancesliotitild perhaps be driven by site-specific adaptati
in geographic and genetic isolation, most notabthemvTable Mountain (Window Stream) populations
were compared to populations in other mountain eargeparated from the Peninsula. The notion of

Table Mountain having acted as a refugium for stegronic montane species of Gondwanan origin, as
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evidenced by high levels of endemism in the fauma fhora of the Cape peninsula mountains was
therefore one of particular relevance in this stdiscussed further in Chapter 7). Overall, the
molecular analyses using the CO1 gene providedlwabke contribution to the limited knowledge
database of South African aquatic insects. Moreifipally they also provided important information
with regards to the systematics of two species penicillata and C. ambulanp widely used in
biomonitoring regimes and which are sensitive tthiapogenic impacts on water quality and thermal
change. Additionally this study has also providegsaful platform from which further morphological
and molecular studies can be conducted targetiegpttaxa. Such studies, if conducted in conjunction
with environmental investigations, could be usedaa)esolve the phylogeny of the taxa and b) to
determine potential drivers of genetic divergemmapulation gene flow, dispersal ability and species

tolerances.
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3.1 Introduction

Accurate and rapid species identification is fundatal not only to the basic and applied fields of
aquatic research but also to numerous aspects albgimal research, for example studies in
evolutionary biology, conservation biology, ecopbi®gy, biodiversity and biomonitoring (Hebest

al. 2003a, Tautzt al. 2003, Ballet al. 2005, Jinbeet al. 2011, Hernandez-Triaret al. 2012). Where
thorough morphological and genetic studies have lbeaducted for groups of taxa and these studies in
turn have been accompanied by detailed taxonomisioas, correct species identification by the end
user is made possible. This however is not the icagarts of the world where exceptional diversihd

a lack of taxonomic capacity meet, such as inrbygids and southern temperate zones (Stewart & New
2007, Butlinet al. 2009). Ironically, these less understood areks the Cape Floristic Region of South
Africa investigated in this study, have been shoavoontain numerous centres of endemism as well as
biodiversity 'hotspots' (centres of endemism caiimgj with areas of greatest threat) (Picker &
Samways 1996, Myemt al. 2000), elevated levels of species richness (Rlatt®91), and generally a
greater diversity than that of the better docunmiarthern temperate regions (Stewart & New 2007).
In the face of the biodiversity crisis (see Savage5), predicted effects of global climate charage,
well as the impacts of ongoing anthropogenic agtivielatively slow progress is being made towards
the documentation of biodiversity, including theteraof species description and identification
(Hajibabaeiet al. 2011). As such, our uncertainty regarding the lEarbiodiversity, in its entirety,
remains a major challenge to overcome and hastéeadtontroversial debate emerging in the litegatur
as to whether the existing tools and techniqudssedi in traditional taxonomy are sufficient to rhee

this challenge.

Allozyme electrophoresis, microsatellites and DN sence variation have been used widely since the
late 1970's to study the taxonomy, ecology and woml of numerous taxa, including mayflies
(Ephemeroptera) (Monaghan & Sartori 2009, Avise @0lnitially the focus of these early
investigations was on delimiting species in morphadally cryptic groups and, through the use of
genetic markers, making links between immature ahdt stages (Monaghan & Sartori 2009). What
followed was an increase in population geneticglis) where dispersal was commonly inferred
through measures of gene flow (Monaghan & Sart@9). Additionally, several key studies on
freshwater invertebrates have a) provided evidéoicgenetic variation (allozyme variation) affegin
life-history traits (Sweenewgt al. 1986, Postmaet al. 1995a, Miller & Hendricks 1996, Kavanaugh
1998) and b) linked genetic variability (allozymariation) with certain environmental factors elgwf
(Robinsonet al. 1992), temperature (Sweeneltyal. 1986) and depth preference (Weider 1984, Muller
& Seitz 1993). Of importance too are those stuthes assessed phenotypic plasticity (Blanckenhorn
1991, Peckarsket al. 2002, Peckarskgt al. 2001) and contributed to the ever growing inteneshe
question of the evolution of phenotypic plasticitg,role in speciation, its ecological consequeraad

its developmental cost (Via & Lande 1985, Stearn¥Kdéella 1986, Scheiner 1993, DeWitt 1998,
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Pigliucci 2005, Pfennigt al. 2010, Foster 2013). Over the years however adgaimceomputational
technologies and sequencing (at an unprecedentejl rave lead to DNA sequencing becoming a
simple, cost-effective and rapid means of providarge amounts of robust genetic data (Hajibabgtei
al. 2007, Jinbeet al. 2011, Hajibabaest al. 2011).

Of particular interest, and the cause of much delaamong taxonomists, geneticists and ecologists
alike, has been the advent of DNA barcoding. Pregdry Hebert (2003a, 2003b), DNA barcoding uses
a standard primer set, applicable to all animalaliifolmeret al. 1994), to amplify a short section of
an organism's genome as a molecular identifying Thg same section of the genome is used for all
organisms and is a 648-base pair (bp) region ofnitechondrial cytochrome-c oxidase subunit 1
(CO1) gene. This region (CO1) exhibits a wide raofyphylogenetic signal, fast mutation rates, and a
conserved sequence among conspecifics - makingtade to discriminate between species (Hebert
al. 2003a, 2003b). Using a standard protocol, théalnilea behind DNA barcoding was to create a
comprehensive DNA barcode library for a broad rasigerganisms that could be rapidly processed at
large throughput facilities (Jinket al. 2011). In this manner DNA barcoding was intendedd used to

a) compare the sequence data from an unidentifiedimen to that of a reference library containing
sequences from known (described) species in omd@rdvide species level identification, b) detect
potential morphologically cryptic species complexasd c) to detect new species (Hajibabeteal.
2007). Where many specimens or a number of additigenes have been sampled, DNA barcoding can
also be used for population-level analyses and ititerrogating deep phylogenetic relationships
(Hajibabaekt al.2007).

The DNA barcoding enterprise has received mixedption. On the one hand it has received criticism
for: using a single gene in isolation for taxonoratadies (Funk & Omland 2003, Moritz & Cicero
2004, Roe & Sperling 2007), the utilisation of diste-based methodologies (DeSalteal. 2005,
Meier et al. 2006), the effects of sampling scale (Bergséeral. 2012), its feasibility and actual
intended use along with its efficacy (Rubinoff 20@&binoff et al. 2006, Dasmahapatet al. 2010)

and even its scientific relevance - specificallyyagonomy (Ebach & de Carvalho 2010). On the other
hand however numerous studies have shown itsiabilib: accurately link larval and adult stages for
species in which this has previously been diffi¢aiiayflies - Ballet al. 2005, butterflies -Gossner &
Hausmann 2009), identify microscopic organisms ffraakton, Bucklinet al. 2007), flag species
complexes (Stahls & Savolainen 2008, Lataal. 2010, Hernandez-Trianet al. 2012), accurately
resolve relationships in groups containing a largmber of species (e.g. several major groups of the
phylum Arthropoda - Hebes#t al. 2003a, Aves - Hebesdt al. 2004, Lepidoptera - Silva-Brand&o al.
2009), provide rapid, reliable identifications fmomonitoring programs and water quality assessment
programs (Balkt al. 2005, Weblet al. 2007, Hajibabaegt al. 2011), build large reference libraries of
barcodes (Zhowet al. 2009, 2011, Weblet al. 2012) and also to provide some novel applications

(Jurado-Rivereaet al. 2009 - insect-host plant associations, Holraesl. 2009 - shark and ray fin
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identification, Clareet al. 2009 - predator prey relations in bats). TayloH&ris (2012), in a revision

of Barcoding over the past 8 years and in considerecent advances of Next Generation Sequencing
(NGS), state that "Clearly, arthropod taxonomy igeld that stands to benefit from the added dfarit
promised by DNA barcoding”(see also Jirddoal. 2011). However, in spite of some of the praise for
DNA barcoding and opinions of its ability to becothe core of taxonomy (‘DNA taxonomy’ - Blaxter
2003, Tautzt al. 2003), it is important that the limitations of bading are acknowledged (Alexander
et al. 2009, Paulset al. 2010) and that as far as possible traditional narty accompany DNA
barcoding studies (Sundbezgal. 2010).

In southern Africa a widely available set of taxomo keys, entitled "Guides to the Freshwater
Invertebrates of Southern Africa” published by Water Research Commission of South Africa, do
exist for major groups of aquatic invertebrateghsas the Ephemeroptera, Plecoptera and Trichoptera
amongst others (Barber-James & Lugo-Ortiz 2003Mder & Scott 2003, Stevens & Picker 2003).
However, while these keys represent an excelleltatimm and synthesis of a large body of data into
available documents, they are nevertheless stdbmplete and are unable to properly address
identification in immature stages for many taxa.dfidnally many of the taxa regrettably rely on
taxonomic works that have not been sufficientlyigest for some time (e.g. the works of Barnard 1932,
1934a1940). This reality is evident in several of thengic studies focusing on aquatic invertebrates
from southern Africa. Although these studies atatigely limited in number, they have in most cases
yielded results suggesting a need for taxonomidsiav, with several discoveries of cryptic species
complexes and potentially new species, highlighingch area of research requiring further attentio
(e.g. Danielset al. 2001, Wishart & Hughes 2001, 2003, Stevens 20@%eifa-da-Conceicoat al.
2012). Inevitably in such a situation as this, alpem that remains is knowing where to focus lighite
resources and attention in future studies. Withitigortance of establishing thermal guidelinestfer
Ecological Reserve in South Africa, one area thay rbenefit from such focused attention is the
taxonomic revision (supported by rapid genetic ysed like DNA barcoding) of thermally sensitive

taxa that are also used for biomonitoring.

In the chapters that follow within this thesis, negentative species from Ephemeropfelecopterd
and Trichopter® (EPT taxa), are investigated in terms of a) thif@¢history traits from six different
rivers within the Western Cape of South Africa (Qtes 4) where the rivers/sites were purposely
selected (Chapter 2) to represent a range of themnebhydrological regimes, b) egg developmentsrate

at experimental temperatures (Chapter 5) and aythroates at experimental temperatures (Chapter 6).

13| estagella penicillatgfamily Teloganodidae)

1 Four species of Plecoptera within tAghanicercella barnardspecies complexA. barnardi, A. clavata, A.
flabellataandA. scutatg(family Notonemouridae)

'3 Chimarra ambulangfamily Philopotamidae)
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These abundant and widespread taxa (within Soutitgdf are commonly used in biomonitoring
procedures in South Africa (Chutter 1972). Theyr@spnt taxa not only sensitive to anthropogenic
impacts on water quality but also to increasingewaémperature (Dallas & Ketley 2011, Dallas &
Rivers-Moore 2012, Dallast al. 2012, Rivers-Mooret al. 2013b), thus highlighting their importance
as indicator species and relevance as target spieci&tudies aimed at establishing thermal guidslin
for the Ecological Reserve. Furthermore they hasilyerecognisable morphological characters used to
define them as species. Of interest is that twothef taxa [(estagellaand Aphanicercelly are
considered to be of Gondwanan origin (Day 2005yve$te 2009) with limited distribution and

potentially unique thermal requirements (stenotly@rm

In the specific context of the components of thissis that are to follow (Chapters 4-6), the aifrthis
chapter are to: 1) confirm species identificatiing available taxonomic keys in combination with
molecular data, for the species of aquatic insetitsed in this thesis from seven different study
site/sampling localities, 2) to investigate whetlggmetic differences exist between the different
populations of the study species that might reftbfferences in life-history traits, 3) to determiif
catchment isolation has resulted in significantegiendivergence, 4) confirm species identificatiin
immature stages d&k. clavata, A. scutata, A. flabellaendA. barnardifor which no taxonomic keys
are presently available, 5) interpret results withard to the existing and available taxonomic lays

well as the limited genetic data available for digpuasects in South Africa.

3.2 Methods

3.2.1 Collection of specimens

Larvae and adults df. penicillatg A. barnardi, A. clavata, A. flabellataA. scutata as well asC.
ambulanswere collected in August 2011 from the six sitelested for this study (see Chapter 2) and
also from an additional site from the Kirstenbo&#rdens on the slopes of Table Mountain (Window
Stream) (Table 3.1). Aduphanicercellaand Chimarra were collected off rocks using an aspirator.
Adults of L. penicillatawere collected by rearing black wingpad nymphsr(plgs at the final stage of
maturity prior to emerging as adults) to maturityain artificial laboratory setup. Upon collectia,
larvae and adult specimens were preserved in 96&nek and stored at -20°C until molecular analyses

were performed.
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Table 3.1. Site locality information for specimens afstagella penicillata Aphanicercellaspp and Chimarra
ambulanscollected for genetic analysis.

Site name Latitude Longitude Level 1 Eco-region Spées analysed

Eerste -33.993776 18.975550 Southern Folded Mawtai L. penicillata, A. flabellata, C. ambulans
Elandspad -33.736667 19.114722 Western Folded Mnst L. penicillata, A. flabellata, A. scutata, C. amiusb
Molenaars -33.731390 19.115000 Western Folded Midnmt L. penicillata, A. flabellata, C. ambulans
Rooi-Els Kloof -33.461100 19.617860 Western Folt¥elintains L. penicillata, A. barnardi, C. ambulans
Window -33.983351 18.430928 Southern Folded Moustai L. penicillata, A. clavata, C. ambulans

Wit -33.637090 19.107890 Western Folded Mountains L penicillata, C. ambulans

Wolwekloof -33.944167 19.026389 Southern Folded Mains L. penicillata, A. scutata, A. flabellata, C. amdus

3.2.2 ldentification and preparation of specimens

Collected specimens df. penicillata were identified using the most recent revisiontlad family
Teloganodidae (McCafferty & Wang 1997) in conjuontiwith original descriptions by Barnard (1932,
1940). For the identification of species Aphanicercella taxonomic descriptions of the nymphs
produced by Picker & Stevens (1997) and Stevengc&eP (1999) were used together with original
descriptions by Barnard (1934b, 1940). Additionalxanomic notes and drawings regarding
morphological descriptions for both immature andure nymphs of the species Aphanicercella
collected in this study are presented in Appendix Bicluded in the appendix are descriptions of
abdominal setal patterns of the four species, whiete compared to those provided by Stevens (2009)
(see Table App3A.1 in Appendix 3A). Descriptionseafly-instar nymphs oh. barnardi A. flabellata
andA. scutataare also provided in Appendix 3A (Fig. App3A.2%, they are not available in current
taxonomic keys and were necessary for the ideatiio of nymphs analysed in the study of life-
histories (Chapter 4). A key to the families ofchidptera for the Afrotropical region produced bytsc
(1978), together with descriptions by Barnard (£934940) were used to identif@. ambulans.
Collected and identified specimens that were tedsuenced were photographed using a Leica EZ 4

dissecting microscope fitted with a digital cam@kppendix 3B).

3.2.3 Extraction, PCR Amplification and sequencing

Samples were sent to the Canadian Centre for DNsdgting (CCDB}° for molecular analyses, via

the South African Institute for Aquatic Biodivessi(SAIAB)*’, a partner organisation of Consortium
for the Barcode of Life (CBOL). DNA extraction, PGinplification and sequencing took place at the
CCDB and followed the CCDB protocols (lvana#aal. 2006 - www.dnabarcoding.ca). A summary of

'® The CCDB is a high throughput genetic facility @asn the Institute of Biodiversity (BIO) at the iarsity of

Guelph, Canada.
7 Initial DNA sequences fok. penicillatafrom the Rooi-Els Kloof and Molenaars rivers anéihtdw Stream as

well as C ambulandrom the Eerste River were obtained by Dr. Tuulikihen at the South African Institute for
Aquatic Biodiversity (SAIAB). The PrimersepF1/LepR1 were used for specimensGhiimarra sequenced at
SAIAB.
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the methods employed at the CCDB for DNA extractiBf@R amplification and sequencing are

provided below.

Extractions were carried out using a Biomek® FXBota liquid handling station (Keckman Coulter
Inc.) with a 96 multichannel head and a Thermo @wbhotel. Polymerase Chain Reaction primers
developed by Folmegt al. (1994), namely LCO1490 (5-GGT CAA CAA ATC ATA AAGTATTG
G-3') and HCO2198 (5TAA ACT TCA GGG TGA CCA AAA AAT CA-3'), along withpolymerase
from Invitrogen™ (Platinum®aqg DNA Polymerase), were used in a first attempt tlegnthe full
DNA barcode region: a. 648bp long target region 58—705 from tlheebd of thecytochrome c oxidase

1 gene (CO1). PCR amplification was carried outdielhg the PCR conditions of Hebegt al.
(2003a). These primers (HCO2198 and LCO1490) amnuanly used by the CCDB as they have been
shown to successfully amplify this target geneardiom a wide range of invertebrate taxa (Hebért
al. 2003a).

An Applied Biosystems 3730xI DNA analyser alonghwBigDye™ Terminator (version 3.1) were
used for the sequencing procedure (bi-directionealiije a semi-automated AutoDTR™ method from
EdgeBio® was used for post-cycle sequencing clgannformation regarding the DNA extraction,
PCR amplification and sequencing procedures as agelaboratory equipment used at the CCDB is
available at the following internet addresses: winabarcoding.ca/CCDB_DNA_Extraction.pdf,
www.dnabarcoding.ca/CCDB_Amplification.pdf, www.dr@acoding.ca/CCDB_sequencing.pdf and
www.dnabarcoding.ca/CCDB_Equipment_InfrastructuFallowing sequencing, detailed specimen
records including locality information, digital ipas and sequence information were uploaded to the
Barcode of Life Database (BOLD—http://www.boldsysteorg). Information pertaining to these
specimen records can be accessed through BOLD uhdeproject file "South African freshwater
invertebrates" (SAAIN).

3.2.4 Sequence analysis

One taxonomically identified species from the gebastagella(L. penicillatg obtained from seven
different localities (2-3 specimens from each lggpin the Western Cape was used in the analyisis o
the Ephemeroptera. In total 17 separate sequemmsding a single sequence for the outgroup) were
aligned. For the analysis of the Plecoptera, fisgohomically identified species of the genus
Aphanicercella(A. clavata, A. barnardi, A. flabellata and A. sda)aobtained from six different
localities were used (1-2 specimens of each speaypgng rise to a total of 14 separate aligned
sequences (including a single sequence for theraupy For the analysis of the Trichoptera, one
taxonomically identified species from the ge@lsmarra (C. ambulanyobtained from seven different
localities (1-2 specimens from each locality), waed. The total number of aligned sequences used in

the analysis o€himarrawas also 14.
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Sequence data (CO1 gene) for the outgroups includéde phylogenetic analysis were obtained from
GenBank at the National Centre for Biotechnologfodmation (NCBI) using the BLASTn search
engine (www.ncbi.nlm.nih.gove/genbank). From the ABOn search results, only sequences of
specimens in related taxa that exhibited similacleatide sequences (compared to those of single
representatives of each of the three genera) aridhwivere positively identified were used as
outgroups. The outgroup taxa selected wepeylophella temporaliEphemerellidae)Aphanicerca
capensigNotonemouridae) andolophilodes distinctugPhilopotamidae). GenBank accession humbers
for the outgroup taxa are provided in Appendix $8quence data for all specimens were aligned and
analysed using Molecular Evolutionary Genetics Asial (MEGA) version 5.0 software (Tamwhal.
2011), following recommendations by Cywinsiaal. (2006) and Hebewt al. (2003a). The MUSCLE
alignment method (Edgar 2004), with Neighbour Jain{NJ) selected as clustering method 1 and
UPGMB selected as clustering method 2, was usatigo sequence data for all specimens. MUSCLE,
while not being the fastest alignment algorithmrently available, has been shown to provide aceurat
and reliable results in moderate processing tirmes (Nuinet al. 2006). It has also been shown to be
more accurate than several other alignment prog(aimsCLUSTAL W, Dialign2.2, POA, Dialign-T
and Kalign) (see Nuiet al. 2006) and has the added benefit of being freeljflave with an easy to
use interface in MEGA 5. Following sequence alignimeeparate tests utilising a maximum likelihood
approach for finding the best DNA nucleotide subgtn models were conducted in order to determine
the most likely model of evolution in the nucleetidequence data for each genus. Saturation of the
sequence data was visualised using plots of transitand transversions with the F84 distance
parameter and tested for each genus separately DAINBE (Xia & Xie 2001, Xiaet al. 2003, Xia &
Lemey 2009). Nucleotide composition as well as GuarCytosine (GC) percentage composition was

calculated from sequence data pertaining to eachsge

3.2.5 Phylogenetic analysis

Based on the outcome of the maximum likelihood fiesthe best fit model of nucleotide substitution,
the model with the highest Bayesian Informationte@ion (BIC) score employed in MEGA™®Swas
used to construct pairwise genetic distance matricel Maximum Likelihood (ML) phylograms for
each of the study genera in order to visualisecthstering pattern of specimens and to assessslevel
genetic divergence. To check for congruence inqugmetic tree construction methods for each genus,
two distance-based trees, one utilising a clugeismsed method algorithm, namely NJ, and the other

utilising an optimality-based method algorithm, rdynMinimum Evolution (ME), were compared. In

8 MEGA 5 allows for a limited number of models totmed for constructing phylogenetic trees usingtBeME
methods. These being: No. of differences, p-distadakes-Cantor, Kimura 2-parameter, Tajima-Nemia 3-
parameter, Tamura-Nei, Maximum Composite LikelihogslCL), LogDet (Tamura-Kumar) - Gamma
distributions describing the rate of substituti@msong sites can be specified for each of these Isiodhbile the
proportion of invariant sites cannot be specifiedr this reason where the model with the bestbfiséd on the
maximum likelihood test for best fit model of nuafigle substitution) could not be used to constrinet
phylogenetic tree the model with the next highd§ Bcore employed in MEGA 5 was used.
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addition to these distance-based trees, separat@muiam Parsimony (MP) cladograms were also
constructed. In order to assess phylogenetic tmeestauction reliability in all phylogenetic trees,
bootstrapping methotfs(1000 replicates) were used. Bootstrap suppomdoles was compared across
all phylogenetic tree construction methods anddécated on the ML trees for each genus. In MEstree
the heuristic method used was the Close-Neighhaterdhange (CNI), with initial trees obtained using
an NJ algorithm. The MP trees were obtained usowdtrapping methods (1000 replicates) as well as
the Subtree-Pruning-Regrafting (SPR) algorithm (&é{umar 2000) with search level 1 in which the
initial trees were obtained by the random additiérsequences (10 replicates). For constructing ML
phylogenetic trees, the heuristic method used hvadNearest Neighbour Interchange (NNI) with initial
tree(s) for the heuristic search obtained autoralyiby applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated usihg Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with sopkog likelihood value. For the constructionaif
phylogenetic trees (using both distance-based ptichality-based methods), codon positions included
were 1st+2nd+3rd+Noncoding. Transitions and trarssees were included as substitutions and all
positions containing gaps and missing data wemmimdited using the complete deletion option.

Uniform rates of nucleotide substitution were assdmmong sites.

Phylogenetic signal was assessed using the Caomgjstedex and Retention Index (Cl and R,
respectively) for MP trees. These indices providgpectively, a relative measure of homoplasy én th
cladogram, and the proportion of synapomorphy etggefrom a data set that is retained on a tree
within the sequence data. Phylogenetic tree cartsiry analyses of reliability and tests for nutié®

evolution models were all performed in MEGA 5 (Tamet al. 2011).

3.3 Results

3.3.1 Data characteristics

Information regarding sequence characteristics elé & summary information from the parsimony
analysis and maximum likelihood analysis of nudtsubstitution for the sequences of specimens of

each of the genera sequenced are given in Tahle 3.2

19 Bootstrapping analysis allows confidence valuesetalerived for the groupings of sequences inea Random
samples of sites from the original alignment aredu® redraw trees (one tree per resample). Theeptge of
trees from 1000 resampling replicates which restieesame groupings from the original tree are fireisented
by a number above the nodes.
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Table 3.2.Data characteristics and analysis summaries o€t& DNA barcoding region of specimens from threagga of aquatic
insect [estagella, Aphanicercelland Chimarra from different localities in the Western Cape,uBo Africa. The number of
taxonomically identified species (# Spp.), numbiesaguences obtained for each genus (# Seq.) hlefigiligned sequences in terms
of base pairs (Length), percentage Guanine-Cytasingent (GC), number of variable sites (# Varnber of parsimony informative
sites (# Pi) are given. The parsimony search sumg@nprises the number of trees retained (# Trée® length (Score), consistency
index (Cl) and retention index (RI). The nucleot&léstitution analysis summary comprises the bestddel following a maximum
likelihood analysis in MEGA 5 with the associatedyBsian Information Criterion score (Model (BIC})jdathe log likelihood score
(InL).

CO1 sequence characters Parsimony analysis Nuclet substitution
' ' rr?oedsél Model used
. # # . # Var. # Pi # : for NJ, ME
Taxa Spp.  Seq. Length GC (%) %) Trees Score (¢]] RI used for InL and MP InL
| | ;ML tree trees (BIC)
' (BIC)
: L 209 164 L TNO3+I T92+G
Lestagella 1 17 641 45.65 (32.61) (25.59) 7 326 0.829 0.9385 (4825.27) -2240.68 (4854.61) -2269.29
. : L 129 58 | T92+G T92+G
Aphanicercella 4 14 629 37.05 (2051)  (9.22) 8 166 0.819 0.9155 (3507.70) -1626.69 (3507.70) -1626.69
. : 142 50 | HKY+G T92+G
Chimarra 1 14 525 35.85 (27.05) (9.52) 3 179 0.782 0.8535 (3147.94) -1440.43 (3152.66) -1451.70

The consistency and retention indices revealedrédative amounts of homoplasy in the sequence data
for each genus, providing support for the resulitained from MP phylogenetic tree construction.
Average Guanine-Cytosine (GC) content was highedt. ipenicillata (45.6%) along with the total
number of variable and parsimony informative s{{@2.6 and 25.83 % respectively) when compared
with the Plecoptera and Trichoptera. Tests for sege saturation using DAMBE (Xt al. 2003, Xia

& Lemey 2009) revealed no significant results, éi@re suggesting no significant effect of saturatio

on the phylogenetic inference of each genus.

Maximum likelihood fit analyses of 24 different nmedd of nucleotide substitution for the
Ephemeroptera, Plecoptera and Trichoptera studiesghted that the models with the best fit based on
BIC scores were, in order, the TN93+I (Tamura-Neel) (Tamura & Nei 1993) with invariant sites,
the T92+G (Tamura 3 parameter model) (Tamura 198%) a gamma distribution, and the HKY+G
(Hasegawa, Kishino, Yano model) (Hasegastaal. 1985) with a gamma distribution (Table 3.2).
Complete outputs of the results of the maximumlilikeod fit analysis of nucleotide substitution

models for each genus are provided in Appendix 3D.

3.3.2 Phylogenetic analyses

Ephemeroptera

For the Ephemeroptera, while all samples were ifilethtvia morphological features (using larvae) as
belonging to a single specikespenicillata,the ML, NJ and ME phylograms unexpectedly revealemn
major clades separated by long branch lengths 81g. The percentage sequence divergence between

samples on these two major clades was exceptiomiglly(maximum of 28.7%) (Table 3.3). Specimens
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from the Molenaars, Elandspad and Rooi-Els Klowéns, along with specimens from the Window
Stream and Eerste River sites collectively comgribe first of the two major clades in the phylagra
(Fig. 3.1). Bootstrap values for the node suppagrtinis clade were high (97-99%), while smaller etad
were separated by branch lengths indicating diverge as high as 10.6% (e.g. between sequences of
Win Lp2 and Roo Lp2) (Fig. 3.1). Individual specimefrom the Eerste River formed a distinct clade,
as did those from the Window Stream. Both of thelagles exhibited high bootstrap values for the
respective supporting nodes (97-100%) and averdagenvgroup divergences of 0.01% and 0.0%
respectively. Specimens from the Molenaars anddsjaad rivers showed high similarity and occurred
in the same clade as a single divergent specinmen fine Rooi-Els Kloof River (Roo Lp2); this clade
had an average within-group divergence of 0.30%bl€l'8.3). The node supporting this clade also
exhibited high bootsrap values (98-100%) in alletreonstruction methods (Fig. 3.1). The node
supporting the respective clades containing spa@ni®m both the Window Stream and Eerste River
sites should however be inferred with caution as bmotstrap values (<75%) were observed in all
phylograms construction methods. The second mé&oleqwith node boostrap support of 100% in all
tree contruction methods) comprised two smallededtaseparated by branch lengths indicating
approximately 6.0% divergence (Fig. 3.1). The fokthese two smaller clades contained two closely
related individuals from the Rooi-Els Kloof RiveRdo Lpl and Roo Lp3) and the second comprised
specimens from the Wolwekloof and Wit River sitdsiah showed high similarity (0.2% within-group
divergence) (Table 3.3). Each of the aforementicstadller clades exhibited high boostrap values for
the supporting nodes (96-100%) and were also segbby branch lengths greater than 3% divergence
(Fig. 3.1).

The different phylogenetic tree construction methaded exhibited congruence in terms of bootstrap
support values for nodes presented on the ML phgfagn (Fig. 3.1). No bootstrap support was found,
however, for the basal node (node circled in Fidj) 81 the ML phylogram oE. penicillata The same

holds true for the basal node in the phylogrambiefother genera studied.

Variable levels of sequence divergence were obdeausoss the sequencesLofpenicillata Generally
individuals collected from the same site exhibi¥edy small or zero divergence values. An exceptaon
this was observed in the specimens collected fiwrRoo0i-Els Kloof River, which were split into two
separate clades. Two specimens from this site (fpdoand Roo Lp3) revealed 0% divergence, while
the third specimen (Roo Lp2) exhibited divergensdigh as 25.6% from the other two (Fig. 3.1, Table
3.3).
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Fig. 3.1. Maximum likelihood phylogram for specimens lbéstagella penicillatabased on the Tamura-Nei
model (Tamura & Nei 1993). The tree with the higHeg likelihood (-2329.9047) is shown. Bootstrajpgort
(1000 replicates) with values > 80% for MP/NJ/ME/Miethods are shown above branches. Initial trde(s)
the heuristic search were obtained automaticallgfglying Neighbor-Join and BioNJ algorithms to atrix of
pairwise distances estimated using the Maximum Gxsitgp Likelihood (MCL) approach, and then selecting
topology with superior log likelihood value. Theegaariation model allowed for some sites to bel@ianarily
invariable ([+I], 0.0010% sites). The tree is dratenscale, with branch lengths measured in the rurolb
substitutions per site. The analysis involved 1T7lemtide sequences. Codon positions included were
1st+2nd+3rd+Noncoding. All positions containing gamd missing data were eliminated. There werdah @b

641 positions in the final datas&he basal node is circled.
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Table 3.3. Estimates of evolutionary divergence between secpe oflLestagella penicillata measuring the proportion of
nucleotide differences between each pair of seqsgentnalyses were conducted using the Tamura-Néiein@amura & Nei
1993). The rate variation model allowed for sontessio be evolutionarily invariable ([+1], 0.00108ites). The analysis involved
16 nucleotide sequences excluding the outgroup.ofogositions included were 1st+2nd+3rd+Noncodindl positions
containing gaps and missing data were eliminated.

Eer Eer Eer Ela Ela Mol Mol Roo Roo Roo Win Win Wit Wit Wol Wol
Lpl Lp2 Lp3 Lpl Lp2 Lpl Lp3 Lp2 Lpl Lp3 Lp2 Lp3 Lpl Lp2 Lpl Lp2

Eer Lpl

EerLp2 0.009

EerLp3 0.004 0.000

ElaLpl 0.089 0.091 0.089

ElaLp2 0.089 0.091 0.089 0.000

MolLpl 0.089 0.091 0.089 0.000 0.000

MolLp3 0.090 0.093 0.090 0.002 0.002 0.002

RoolLp2 0.092 0.094 0.092 0.005 0.005 0.005 0.006

RoolLpl 0.269 0.271 0.269 0.255 0.255 0.255 0.256 0.256

RooLp3 0.269 0.131 0.269 0.255 0.255 0.255 0.256 0.256 000.0

WinLp2 0.099 0.101 0.099 0.105 0.105 0.105 0.106 0.106 850.2 0.285

WinLp3 0.099 0.101 0.099 0.105 0.105 0.105 0.106 0.106 850.2 0.285  0.000

WwitLpl 0.269 0.271 0.269 0.255 0.255 0.255 0.256 0.256 590.0 0.059 0.285 0.285

WwitLp2 0.270 0.273 0.270 0.256 0.256 0.256 0.258 0.258 600.0 0.060 0.287 0.287 0.002

Wol Lpl 0.270 0.273 0.270 0.256 0.256 0.256 0.258 0.258 600.0 0.060 0.287 0.287 0.002 0.003
Wol Lp2 0.270 0.273 0.270 0.256 0.256 0.256 0.258 0.258 600.0 0.060 0.287 0.287 0.002 0.003 0.003

Plecoptera

Four species of Plecopteraphanicercelly, mostly nymphal, were identified based on morpbgl
The ML, NJ and ME phylograms all revealed the safoam of these species into three distinct major
clades separated with moderate branch lengthsatalg divergence greater than 3% between species
(Fig. 3.2). The first major clade comprised two Hemaclades and a single related branch. The two
smaller clades consisted Af scutatasamples from both the Elandspad and WolweklookRsites.
Divergence betweeA. scutataindividuals on these clades was low (maximum @B8%) along with
negligible average intraspecific divergence (0.26F4y. 3.2, Table 3.4). The single branch congistin
of a specimen of.. barnardifrom the Rooi-Els Kloof River was found to haveeqjuence divergence
of approximately 3.72% frorA. scutatandividuals(Fig. 3.2, Table 3.4). The second unresolved major
clade comprised specimensAf clavatafrom the Window Stream with an intraspecific diyence of
0.84%, while the third major clade comprised thsmealler clades consisting of specimensAof

flabellatafrom the Wolwekloof, Eerste and Molenaars Rivees{Fig. 3.2, Table 3.4).
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Fig. 3.2. Maximum likelihood phylogram for specimens of fospecies ofAphanicercellaspp.based on the
Tamura 3-parameter model (Tamura 1992). The tréb thie highest log likelihood (-1631.7577) is shown
Bootstrap support (1000 replicates) with values0$6&or MP/NJ/ME/ML methods are shown above branches
Initial tree(s) for the heuristic search were omedi automatically by applying Neighbor-Join and NRio
algorithms to a matrix of pairwise distances estgdausing the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with Sapéog likelihood value. A discrete Gamma distriilon was
used to model evolutionary rate differences amdtes €5 categories (+G, parameter = 0.3088)). The is
drawn to scale, with branch lengths measured imthaber of substitutions per site. The analysi®lved 14
nucleotide sequences. Codon positions included bs&re2nd+3rd+Noncoding. All positions containingpgand
missing data were eliminated. There were a tot@R6f positions in the final datas@he basal node is circled.
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This entire clade revealed an intraspecific diveogeof 0.33%. Average intraspecific divergence for
the genusAphanicerellawas 0.47%, suggestive of little population diverge while average
interspecific divergence was high (7.9%) with a maxm of 10.2% observed betweén clavataand

A. flabellata(Table 3.4)

High bootstrap values were shown to support theesad each of the three major clades, except the
node of the unresolved clade comprisiAg clavata in each of the different phylogenetic tree
construction methods (Fig. 3.2). However the amakselationship between the clades was found to
differ in the ML phylogram compared to the NJ, M&P phylogenetic trees, and since no bootstrap
support was exhibited for the basal node in arthefphylogenetic trees, no confident inferencesbean
made regarding the ancestral relationships of thpeeies. The NJ, ME and MP trees, while not shown,
were however congruéflin inferring specimens d&. clavataas comprising a clade distantly related to
the clade comprising\. scutatawith the A. barnardi branch and also the clade comprisedAof
flabellata Thus the NJ, ME and MP trees revealed an aligm&bpology in this regard to the ML
phylogram. Bootstrap support for the supporting enaad this aforementioned alternative topology
however, was found to be low (<75%) for the thrdéeiknt construction methods, thus not allowing

for confident inferences to be made.

Table 3.4. Estimates of evolutionary divergence between sempgemfAphanicercellaspp., measuring the proportion of
nucleotide differences between each pair of seqserfnalyses were conducted using the Tamura 3vedea model (Tamura
1992). The rate variation among sites was modeli#ii a gamma distribution (shape parameter = 0.BiA¢. analysis involved
13 nucleotide sequences excluding the outgroup.o€agabsitions included were 1st+2nd+3rd+Noncodindl. positions
containing gaps and missing data were eliminated.

Ela Ela X\lsoll Wol Wol Eer Eer Mol Mol X\ﬁl Roo X\QE X\QE
Asl As2 (adult) Asl As2 Afl Af2 Afl Af2 (adult) Ab3 (adult)  (adult)

Ela Asl

Ela As2 0.005

Wol As1 (adult) 0.003 0.002

Wol As1 0.000 0.005 0.003

Wol As2 0.000 0.005 0.003 0.000

Eer Afl 0.078 0.076 0.073 0.078 0.078

Eer Af2 0.083 0.081 0.078 0.083 0.083 0.003

Mol Afl 0.078 0.076 0.073 0.078 0.078 0.003 0.003

Mol Af2 0.078 0.076 0.073 0.078 0.078 0.003 0.003 0.000

Wol Afl (adult) 0.078 0.076 0.073 0.078 0.078 0.003 0.007 0.003 030.0

Roo Ab3 0.035 0.034 0.032 0.035 0.035 0.073 0.073 0.068 680.0 0.073

Win Acl (adult) 0.070 0.073 0.070 0.070 0.070 0.082 0.087 0.082 820.0 0.082 0.070

Win Ac2 (adult) 0.067 0.066 0.063 0.067 0.067 0.085 0.090 0.085 850.0 0.085 0.063 0.008

%0 The first node (basal node) also shows no boapssupport in the NJ, ME and MP methods. However, t
second node from which. clavatastems is shown to be a group related to the sjhecies. This was observed in
the NJ, ME and MP trees, with 43, 41 and 75% boayistupport values respectively.
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Trichoptera

Only a single species of Trichopte@, ambulanswas identified morphologically using larvae from
collected samples. However, phylogenetic analysethe form of a NJ, ME and ML phylograms,
unexpectedly revealed two distinct major cladesasspd by long branch lengths (approximately
10.7%) (Fig. 3.3). The first major clade consisbédhultiple smaller clades comprising specimengifro
the Wit, Rooi-Els-Kloof, Molenaars, Wolwekloof, Eldspad and the Eerste River sites. Between-group
divergence among the sequences on this major elagtaged 1.83%, while divergence within the sites
(for sites with more than a single individual) saged approximately 1.2% (Table 3.5). Sequences from
the Wolwekloof River showed the highest within-goatdivergence of 2.82% (Table 3.5). The second
major clade comprised specimens collected soleiy fthe Window Stream site. Divergence between
specimens from this clade and those on the firgpmeade was as high as 13.9%Fig. 3.3, Table
3.5). Within group divergence among sequences ffermwindow Stream site were however low, on
average 0.38% (Table 3.5). Bootstrap support fermibdes on each of the two major clades was high
(>90%) in the ML phylogram and MP cladogram but evaot supported in the NJ and ME methods
(Fig. 3.3). The major difference between the NJ lsliidtrees compared to that of the ML tree was the
placement of a single specimen from the WolweklRofer site Wol Cal. Within group divergence
between the sequences from this site were quite (Rig¢2%) and as a result the sample Wol Cal in the
NJ and ME trees was subsequently placed as thebaeat specimen after the outgroup. This sample
was most closely related to a single clade commrismaller clades from all other sites including th
Window Stream site. The inferred phylogeny, produty both the NJ and ME methods, should
however be interpreted with caution as the boqgisswapport values were all very low (<70%) (Fig.
3.3). Highest bootstrap support values of 53 arfh 5@ the NJ and ME methods respectively were
observed for a clade consisting solely of specinfens the Window Stream site. Apart from these
values bootstrap support for NJ and ME methods atreery low and thus not congruent with the MP
and ML methods.

The MP tree folChimarraproduced a phylogeny almost identical to thathef ML tree with the only
exception being that of the relationship betweengtimples Ela Ca2, Wol Ca2 and Mol Cal (Fig. 3.1).
The MP cladogram, like the ML phylogram also shoviwgh bootstrap support values for several
nodes (Fig. 3.3).

L Comparing Wit Cal with Win Ca2(adult)
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Fig. 3.3. Maximum likelihood phylogram for specimens Ghimarra ambulansbased on the Hasegawa-
Kishino-Yano model (Hasegawat al. 1985). The tree with the highest log likelihood468.5788) is shown.
Bootstrap support (1000 replicates) with value%gor MP/NJ/ME/ML methods are shown above branches
Branches not supported by a particular tree coctstru method are indicated by "-". Initial treef®y the
heuristic search were obtained automatically bylyapg Neighbor-Join and BioNJ algorithms to a matoif
pairwise distances estimated using the Maximum Gxsitgp Likelihood (MCL) approach, and then selecting
topology with superior log likelihood value. A diste Gamma distribution was used to model evolatipmate
differences among sites (5 categories (+G, paramede4172)). The tree is drawn to scale, with bhalengths
measured in the number of substitutions per sitee @nalysis involved 14 nucleotide sequences. Codon
positions included were 1st+2nd+3rd+Noncoding. Absitions containing gaps and missing data were
eliminated. There were a total of 525 positionthmfinal dataset. The basal node is circled.
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Table 3.5. Estimates of evolutionary divergence between sempgerof Chimarra ambulans measuring the proportion of
nucleotide differences between each pair of segsn8nalyses were conducted using the Hasegawariidfano model
(Hasegawaet al. 1985). The rate variation among sites was modellighl a gamma distribution (shape parameter = 0.%8
analysis involved 13 nucleotide sequences excluttingputgroup. Codon positions included were 1st#+3nd+Noncoding. All
positions containing gaps and missing data wenreirdited.

Eer Ela Mol Mol Mol Roo Win Win \(/:V;r; Wit Wit Wol Wol
Cal Ca2 Cal Ca2 Ca3 Cal Cal Ca2 (adult) Cal Ca2 Cal Ca2

Eer Cal 0.000

Ela Ca2 0.021 0.000

Mol Cal 0.023 0.014 0.000

Mol Ca2 0.021 0.011 0.013 0.000

Mol Ca3 0.021 0.011 0.013 0.004 0.000

Roo Cal 0.021 0.011 0.010 0.012 0.011 0.000

Win Cal 0.123 0.129 0.131 0.129 0.129 0.129 0.000

Win Ca2 0.127 0.133 0.135 0.133 0.133 0.133 0.004 0.000

Win Ca2 (adult) 0.127 0.133 0.135 0.133 0.133 0.133 0.004 0.000 000.0

Wit Cal 0.035 0.017 0.015 0.017 0.017 0.010 0.135 0.139 390.1 0.000

Wit Ca2 0.035 0.017 0.015 0.017 0.017 0.010 0.135 0.139 390.1 0.000 0.000

Wol Cal 0.015 0.028 0.030 0.028 0.028 0.028 0.115 0.119 190.1 0.034 0.034 0.000

Wol Ca2 0.021 0.019 0.010 0.011 0.011 0.008 0.129 0.133 330.1 0.014 0.014 0.028 0.000

3.4 Discussion

The phylogenetic analyses (using the CO1 barcodgawg region) presented in this study, provided a
preliminary examination of the molecular differeadeetween samples bf penicillata four species of
Aphanicercella(A. clavata, A. barnardi, A. flabellatand A. scutatd and C. ambulansrom several
localities in the Western Cape. To my knowledge dhéa represent the some of the first recorded
molecular data, using the CO1 gene region, forethgticular taxa from a number of localities in

southern Africa.

3.4.1 Ephemeroptera

L. penicillatasequences revealed a range of intraspecific divees in the CO1 gene region, inferred
from the maximum likelihood phylogram, from 0% (wetn conspecific samples collected from the
same site) to a maximum of 28.7% (between sampléw distinct clades - Win Lp3 and Wit Lp2). In
light of a priori taxonomic identification of specimens from all ptgtions showing little apparent
morphological difference and thus belonging torgls species, this range of genetic divergence was
unexpected. It was assumed that samples from eawdlity would generally show low average
intraspecific divergence values in concordance watlues commonly observed for conspecific samples
(0-1.5%) (see for e.g. Hebest al. 2003, Ballet al. 2005, Webbet al. 2012). The high levels of
intraspecific divergence obtained in this study forsingle taxonomically identified specids

penicillata are however not uncommon and are somewhat sitalgalues recorded in phylogenetic
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analyses of other mayfly species from the Northdemisphere, in which the CO1 gene region was
also used (e.g. Badit al. 2005, Alexandeet al.2009, Weblet al. 2012).

Ball et al. (2005), in a study using the CO1 gene to createfexence library of sequences from 80
mayfly species in the northeastern United Statesnd that the intraspecific sequence divergence
(using the Kimura 2 parameter) was as high as 20@séveral taxa, with a maximum of 25.8%
recorded for species within the genhscorythodes In another genuMaccerfertium,representative
samples of the speciddaccerfertium modesturwere found to have genetic divergences as high as
13.7%, which was attributed to a potentially undiégd representative of a cryptic species comptex i

which phenotypic variation is likely to have existe

In a similar study Weblet al. (2012) gathered DNA barcodes from the CO1 genmmefgom 4165
specimens representing 264 nominal and 90 prowaskigpecies of mayfly from Canada, Mexico and
the United States. Results from the study indicttatlnearly 20% of the species included two oeehr
haplotype clusters with intraspecific sequence rjgece (Kimura 2 parameter) greater than 5%, with
14 species exhibiting intraspecific divergence gmethan 20%. The maximum recorded intraspecific
divergence for a single specieskailiceon quilleri(Baetidae) was as high as 26.7%. Again, the asithor
suggested that high intraspecific divergences asra result of several unidentified species congslex

polyphyletic species and potentially incorrectiypegymised species.

High intraspecific divergences were also noted stualy on the mayfly gendsphemerellgAlexander

et al. 2009), where CO1 genetic divergences (Kimura 2upater) between populations of the same
species were 12.9% and 18.6% for the speEisemerella dorotheand Ephemerella excrucians
respectively. Cases in this study where high lewélatraspecific divergence overlapped with levells
interspecific divergence (appearing in the treegaigphyletic and paraphyletic species) were aited

to incomplete lineage sortiffgin emerging or closely related, cryptic speciessifilar range of
intraspecific divergence was found betwdaretis rhodanipopulations (Williamset al. 2006), where
seven distinct haplogroups were found exhibiting 1C@ivergence between 8-19%. The authors
suggested that the haplogroups represented sexeshltionary lineages but concluded that their
species status remained uncertain. Such a congjusigile simple, is appropriate when considering
that without additional thorough morphological aagonomic revision in conjunction with multi loci
genetic analyses, barcoding is unable to compréhengdelimit new species. Barcodirig however
able to provide hypotheses for new species andittegaxonomic efforts to specific taxa/groups veher

genetic uncertainties are evident.

22 Incomplete lineage sorting refers to the failuféveo or more lineages to coalesce such that thst mezent
common ancestral gene copy does not occur in thet roent common ancestral population where treaties
co-occur (for further explanation see Degnan & Rbseg 2009).
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In the context of this study, the ML phylogeny ¢eshforL. penicillataresolved the specimens into
two major clades with a total of five terminal diers all with strong support. Generally each of the
terminal clusters represented different populationsach of the study rivers except for the ocawee

of sympatric species in the Wit and Wolwekloof rveas well as the Molenaars and Elandspad rivers.
Each of these terminal clusters were separatedragch lengths greater than the 2-3% threshold
commonly used to delimit species in barcoding ssidsee Hebesdt al. 2003a, 2003b and Meyer &
Paulay 2005). Therefore they potentially repregqauthtive species under the phylogenetic species

concept.

The clustering pattern shown in the ML phylogramldsuggest a common species existing in both the
Wit and Wolwekloof sites and unique species existimthe Eerste and Window sites. The Rooi-Els
Kloof site appears potentially to have two symgagpecies, approximately 25.6% divergent, one of
which is very closely related to or conspecifichwihe common species occurring at the Elandspad and

Molenaars River sites.

In light of the studies already discussed by Balal. (2005), Alexandeet al. (2009) and Weblet al.
(2012) as well as others (Willianet al. 2006, Stahls & Savolainen 2008, Pereira-da-Copesit al.
2012), the most probable explanation for the oleseolustering patterns is that the distinct clisster
evolutionary lineages represent a number of undestrspecies which collectively constitute a
morphologically cryptic species complex of whatisrently considered. penicillata. The possibility

of recent divergence and incomplete lineage sotengng an effect on observed divergences, cannot
be ruled out however, and should be further ingastid. These lineages could have evolved in
response to catchment isolation and selection nsg®o0 to differing environmental conditions
experienced over the range of localities, spedifichermal and hydrological variables in conjuocti
with chemical variables such as pH (see for e.geiReda-Conceicoat al. 2012) or EC. The
differences in these environmental variables amtireg sample localities (excluding the Window
Stream, which was included later in the study aadditional sampling site) are discussed in détail
Chapter 2. Regardless of these interpretationst whelearly evident from the cladograms is that a
taxonomic review of the family Teloganodidae anécsfically the genud estagellais required to
confirm the findings presented here and proper$plke the phylogeny of the group. Such a review
would benefit from 1) a detailed morphological studf the genusLestagella investigating
morphological characters that have not been prsiyostudied (e.g. the mouthparts and relative gill
size and features of the imago) and 2) further ger@nalyses with more extensive sampling
incorporating both the CO1 gene and additional m@lsuch asmall subunit ribosomal 16S rDNA
(169 andphosphoenolpyruvate carboxykinase (PERGBiven more extensive sampling over a wider
geographic area, gene flow could be establisheddsst populations and an investigation into isofatio
by distance (IBD) could prove useful in determinamcestry and evolution of the group. Based on the

findings of Pereira-da-Conceicaat al. (2012), who investigated the phylogeny of anotivitely
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distributed South African mayfly specie®aetis harrisoni and found five distinct lineages
corresponding to differences in pH, it seems likiblgt L. penicillata has similarly evolved in rivers
spread across the Western Cape that experienceedharklifferent environmental conditions,
specifically different thermal and hydrological i@gs, including pH (Chapter 2). As such it would be
ideal to conduct a similar analysis in an atteroptdrrelate environmental variables to geneticatamn
observed between the clusterd.openicillata This said, until the suggested analyses can heéumed

to confirm these findings, conclusions similar hoge provided by Williamst al. (2006) are probably
most appropriate - this being that the statuk.gfenicillata populations remains uncertain, although

levels of divergence suggest that one is dealinly &species complex.

3.4.2 Plecoptera

The results of the phylogenetic analyses of the $pecies oRAphanicercella(A. barnardi A. clavata

A. flabellataandA. scutaty revealed a clustering pattern and genetic diverge that were consistent
with current taxonomic species designations. The piYlogram showed strong support (along with
NJ, ME and MP tree constructions) for four sepaliaages (>2-3% divergence), each representing
known species that occur across the study sitesgsmcurring in sympatry e.@. flabellata and A.
scutatg. Similar findings have also been observed by &tev(2009) who used the CO1 gene to
investigate the systematics of the Notonemouridasoathern Africa, including amongst others the
same species dfphanicercellastudied here. In the ML tree, the basal node déeduita polytomy (i.e. a
division into more than two clades), suggestingiaresolved relationship potentially owing to ladk o
information. This is most likely due to the factathhe fast-evolving COI gene is not always able to
provide a good indication of deeper phylogeny. Pbg$or the same reason, the basal nodes in the ML

phylograms for each of the three genera studienbtigield good support either.

In general low intraspecific divergences (range @B8-0.8%) were recorded for species of
Aphanicercella(where more than one population was analysed doh especies) while interspecific
divergences were markedly higher and ranged fro#803(A. barnardito A. scutatq to 8.5% A.
clavatato A. flabellatg. These divergences, inferred from the ML phylograre consistent with a)
morphological differences observed among specidsmihe genus (Stevens & Picker 1999 - although
no measures of divergence were provided in thedy3t b) findings from other phylogenetic studies o
stoneflies also using the CO1 gene region wheresanea of sequence divergence were reported (e.qg.
Zhouet al. 2010 and Mynotet al.2011) and c) also indicate the presence of a¢bding gap* from
0.47% (mean intraspecific divergence) to 3.2% (minh interspecific divergence) (see Helwmdral.
2003, Meyer & Paulay 2005). In contrast, Zheual. (2010), in their study of the EPT taxa of

2 |f a bar-coding gap is present, then the meamspecific distance is smaller than the minimumrisfecific
distance between specimens of a group under stoitiglly it was suggested that a mean interspeafstance of
about 10 times the mean intraspecific distance avasnservative threshold for delimiting new specidgre
taxonomy is uncertain (Hebeat al. 2003a).
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Manitoba, report an average intraspecific divergefi2P) and an average interspecific divergence or
distance to nearest neighbour (K2P) for 19 speufiddlecoptera as 0.35% and 11.56%. Myrotal.
(2011), in a study of an alpine stonefly geiskoperla reported minimum interspecific divergences

from 7.2-19.5% and maximum intraspecific divergen@nging from 0.6-5.8%.

The ML phylogeny presented in this study provideslaoular evidence to confirm species
identification of nymphs based on existing taxonofay the genusAphanicercella(see Picker &
Stevens 1997 and Stevens & Picker 1999). In thewortomic study, apart from mate choice
experiments, as well as shapes and relative siteecfubgenital plate in females, the pattern akha
and setae present on the abdominal tergites amdtsgeof the larvae was a diagnostic characted tse
denote the species within the genus. In the studgemted here, by using mature black wingpad
nymphs of the four species Aphanicercellain which the same diagnostic setal patterns weideat
and the adult genitalia were visible through thécte; nymphal identification was possible and keta
patterns were able to be traced back to earlysimstmphs for each species. Thus descriptions are
provided (see Appendix 3B) of setal patterns irhbwmiature nymphs of\. barnardi, A. clavata, A.
flabellata and A. scutataand in early-instar nymphs & flabellata, A. barnardiand A. scutata
Descriptions of early-instar nymphs (currently imgible using current taxonomic keys) were required
for life-history analyses involving these speci€ddpter 4) and are further supported by the madecul
data presented in this study. The descriptionset#l patterns in mature nymphsAf flabellataalong
with descriptions in early-instar nymphsAfflabellata, A. barnardandA. scutatehave not previously

been reported on and therefore provide a usefuatifitation reference for ecological studies.

Species ofAphanicercellawithin the A. barnardispeciescomplex that are examined in this study are
regarded as sibling species, distinguished by niifegrences in the genitalia (Stevens & Pickerd)99
and also in the setal patterns (this study). Oaugilargely allopatrically (with an exception beittte
sympatric occurrence dk. scutataand A. flabellatg throughout the diverse topography and varying
environments of perennial mountain streams of thestdfn Cape, they are also considered to have far
more localised geographic distributions, which umtsuggests that 1) they have speciated relatively
recently and have undergone little range expan@tevens & Picker 1999) or 2) that historicallyythe
had larger ranges which subsequently became ctedrawing to environmental changes. The fact that
the endemic species. clavatawas shown to exhibit the greatest interspecifiedience within the
group is congruent with findings fdr. penicillata and other organisms (Picker & Samways 1996,
Danielset al. 2013) occurring on Table Mountain. This isolati@ihmontane species is proposed to
have been caused by periodic flooding of the Cdats Buring the mid-Miocene and early Pleistocene
periods, which in turn separated Table Mountairmfrthe nearest mountain range, the Hottentots
Holland (Stevens & Picker 1999, Danielsal. 2013). Such an isolation event is likely to bepressible

for the high divergence also observed between ptipus of the mayfil. penicillata on Table

Mountain (Window Stream site) compared to thos¢éhatWit River. Major insights into the deeper
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phylogeny and evolution of this genus would be egdithrough further genetic studies specifically

investigating IBD, dispersal ability and populatigenetics or gene flow.

3.4.3 Trichoptera

The ML phylogram ofC. ambulansunexpectedly revealed two lineages, essentialharsging the
specimens from the Window site from the rest. Caispas of specimens occurring in these two
lineages yielded divergences as high as 13.9%.l&e¥éntraspecific divergence thus ranged frono O t
13.9%. In comparing divergences of specimens caimgrithese lineages, the specimens from the
Window Stream site yielded within-site divergencasging from 0 to 0.4%, while specimens from the

remaining sites yielded within-site divergencegiag from 0 to 3.5%.

Values similar to these have been reported forrathecies of Trichoptera and some closely related
species in particular. Pauét al. (2010) found a maximum intraspecific divergence5d% and a
minimum interspecific divergence of 8.05% for umested percentage differences in sequences of
Chilean Trichoptera belonging to the family Hydrpgsidae. Whereas in a study using the CO1 DNA
barcoding gene region to facilitate the identificatof Trichoptera in the Tigris River, Iraq, Gerat

al. (2011) reported a range of intraspecific divergefrom 0 to 1.7% with interspecific divergence
ranging from 1.9% to 31%. Only one species pair diidpsychidae) showed low interspecific
divergence of 1.9% and these were considered gloskelted species yet were morphologically distinct
Zhouet al. (2010) in a study of the subarctic EPT taxa of Nédra, Canada, reported mean intra and
interspecific divergences of 0.34% and 12.21% retspay for a total of 68 species of Trichoptera.
Values for intraspecific divergence ranged fromo(®t5%, while values for interspecific divergence
ranged from 3.45% to 25.79%. In a similar study &g Zhouet al. (2011), focusing on establishing a
barcode reference library for Trichoptera of the&@Smoky Mountains, CO1 sequences were analysed
from 209 species. Their analyses revealed meaaspecific divergence ranging from 0 to 10.2% with
an overall mean of 1.7%. Of the species studied $h@wed a maximum intraspecific divergence
greater than 8% with two of thenbolophilodes distinctaand Polycentropus cinerusshowing
exceptionally high intraspecific divergences of 14¥d 9.9% respectively. These high intraspecific
divergences were considered to almost certainlyesgmt species complexes. Furthermore closely
related species to those analysed in this studyp, &ithin the genu€himarra viz. C. atterima, C.
augusta, C. obscura and C. sociaere found to have maximum intraspecific diveigEn (K2P
distances calculated from the Trichoptera Barcddéfe Database Library) of 13.6, 2.7, 8.0 and 8.7%

In this study, as all the collected larval specimeare seemingly morphologically identical, two
possibilities exist for interpreting the resultsabed from phylogenetic analyses ©f ambulans 1)

Considering the proposed threshold of roughly 3%emjence for invertebrate species delimitation
(Hebertet al. 2003a) one could consider it possible that in faetspecimens from the Window Stream

site (diverging as much as 13%) represent a preliaindescribed morphologically cryptic species of
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what is currently considered to I ambulansSimilarly specimens from the other sites (diveggin
only as much as 3.5% maximum) collectively represersingle species within this cryptic species
complex. 2) In light of high intraspecific divergess recorded for other speciesGifimarra (Zhouet

al. 2011), specimens from the Window Stream site catiltl be considered representatives @f
ambulansgven though they show greater genetic divergenssilglyg owing to geographic isolation. It
is the opinion of the author that the first pod&ipis more feasible and most parsimonious and timne
Window Stream population ofhimarra ambulansindeed fulfills the criteria for being a distinct
species. What is clear is that the current taxonémnythe genusChimarrain South Africa requires
some investigation, as it currently does not actéamthe molecular diversity observed. As larvae a
less easy to identify and distinguish morpholodyctiian adults, morphological studies of adults may

perhaps reveal taxonomic differences that have bessed thus far.
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Environmental modulation of life-history patterns

78



Chapter 4

Summary

Gathering, examining and understanding informatinriife-history patterns, through a combination of
both field and laboratory work is of fundamentalpontance for virtually all ecological studies of
freshwater invertebrates. Through the collectiod assessment of this life-history data the potentia
effects of changes to hydrological and thermal meg on aquatic insects commonly used in
bioassessment methods (SASS) and used as biomdicdPT taxa) can be gauged. Life-history
information gathered for the same species from iplaltlocations, where different environmental
conditions prevail, help to determine the degrewlticch life-history-traits are moderated by theie s
specific environmental conditions versus being transed by phylogenetic history. The aims of this
chapter were 1) to present detailed life-historyad@vestigating life-history traits such as grbwt
voltinism, emergence period and hatching period)sielected indicator species from the EPT taxa
(namelyL. penicillata, A. barnardi, A. flabellata, A. setia and C. ambulang 2) to contrast life-
histories exhibited by these species in a set@fpiected rivers that experience a range of hggicdl
and thermal regimes (data presented in Chaptear),3) to determine tolerances and optima for
growth and to interpret the life-history data itation to the major environmental variables affiegti
life-history traits (flow, water temperature andteraquality; data presented in Chapter 2) and @so
relation to genetic analyses (data presented inpt€ha). Monthly sampling of invertebrates was
carried out for the period April 2009-April 2010 fhe six rivers within the Western Cape. All target
organisms collected each month were sorted, cowamddneasured. Field-collected data were analysed
using size frequency histograms for assessinghigry patterns of the study taxa. Linear regmssi
analyses and GLM techniques were then used tosassebkinterpret life-history data in relation to
environmental data (flow, water temperature, plochemical variables) and to determine tolerances
and optima for growth. Voltinism was determined @ach of the target taxd:. penicillata and
Aphanicercellaspp. both exhibited a slow, seasonal univoltindecydth a single cohort easily tracked
throughout the year, while. ambulanshowed a non-seasonal or asynchronous multivdifsmeycle
with multiple generations occurring simultaneously.ambulansappeared to show a phenotypically
plastic response to temperature, in that more génes (trivoltinism) were observed in warmer rsjer

in comparison to univoltine populations observedeécur in colder riversC. ambulansshowed no
recruitment during periods of high flow, while in@iuals of theAphanicercellaspp emerged as adults
during high flow periods. Thus for these two take tife cycle appeared to be timed such that larvae
and nymphs avoided unfavourable high flow condgiomwinter — either through undergoing a pupal
stage in the case of the former or emerging astsadol the case of the latter. The effect of
physicochemical variables on life-history patterhswever, remained somewhat unclear. Optimal
thermal ranges for growth were established thrahghuse of GLMs, and were found to be 13-21.5°C
for L. penicillatg <11.5°C-14.5°C forAphanicercella spp,14.3°C- >21.5°C forC. ambulank

Differences in the thermal and hydrological regire®ong the sites were found to indeed impact and
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modulate life-history traits, where the same spewas concerned, and this was more noticeab in
ambulansThis species exhibited less phylogenetic constraiit more flexibility in terms of its life-
history compared td.. penicillata and Aphanicercellaspp. which showed greater phylogenetic
constraint and greater adaptation to site-speciiuditions — congruent with molecular analyses that
showed higher genetic divergence among sites. Ovtra life-history responses of the target specie
assessed in this study appeared to be finely tts#de hydrological and thermal regimes of eachrriv
studied. This could have been as a result of gigeific evolution and adaptation, perhaps showing
similarities on a catchment scale. However, whheesame species showed differences in life-history
responses (hnumber and duration of generations) gehoivers, the data appeared to suggest that water
temperature was the most likely factor for thedéedinces. The hydrological regime, on the other
hand, was found to be the major driver in detemgrpopulation size and mortality while possibly
imposing a developmental time constraint for lifstbries of the study taxa (especiafly ambulans
and Aphanicercellaspp.). The possibility that the putative effectsdischarge on life-cycle and
emergence might reflect synchronicity with the alglity of key basal resources, or the effects of
seasonal conditions on adult fitness, could howewar be discounted and would require further

investigation.
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4.1 Introduction

The invertebrate benthos present in lotic ecosysi@nemperate climates and particularly within Bma
streams exhibit very clear life-history patternsyiiels, 1970). Throughout the year, at different
intervals, many species appear to come and ga\zeland adults as they complete their development
and are subsequently replaced by other speciesh¥s¢ species are always present in some stage of
their life-history during the course of a year, e in the egg stage, pupal stage or adult st
overlapping with the presence of other speciesh&atg, examining and understanding information on
these apparent life-history patterns has been dsthie Butler (1984) as “being of fundamental
importance for virtually all ecological studiesfoéshwater invertebrates.” With regard to the gatige

of life-history data, Hynes (1970) placed stronglasis on field work being combined with laboratory
studies, as field work leaves many gaps in the kedge, for instance the fate and or diapause o egg
and the timing of the hatching of first-instar nymfiarvae. Ultimately, a combination of field work
and laboratory studies is able to yield much moferimation than either method conducted alone. Only
once information about an organism’s life-histogsteen obtained, both through field sampling and
laboratory experiments, can one begin to understard predict the response of that organism to
variation and change within lotic ecosystems arel fctors that induce such change (Poeteal.
1988).

Aquatic insects, being ectothermic, are sensitiveclhanges in water temperature. Additionally,
temperature influences the solubility of dissoh®dgen and other gasses, affects reaction rates and
can also increase the toxicity effects of ammonid @ertain metals (Dallas & Day 2004). Temperature
has also been shown to directly affect metabolgrowth, development, emergence, reproduction of
aquatic insects, thus exerting influence on alme&ry aspect of life-history and distribution (e.g.
Anderson & Cummins 1979, Vannote & Sweeney 1980ydMa Stanford 1982, Sweeney 1984,
Rosillon 1988, Ward 1992). Diversity, abundance alistribution patterns of stream biota over
elevation gradients in both lentic and lotic watdrswever, appear to be influenced bgambination

of temperature and flow variability (Statzredral. 1988, Poff & Ward 1989, Ward 1992). In this regard
the contrasting life-history strategies that hagerbobserved for aquatic insects in high latituafebe
Northern Hemisphere (synchronous and seasonah wfith strict univoltinism or semivoltinism with
staggered growth and or diapause) versus thosetirerBouthern Hemisphere and the tropics (largely
asynchronous and non seasonal with bi-, tri- ottiwaltine life cycles) have been directly attribdt®
climatic variation: primarily differences in wategmperature coupled with flow regime and to a lesse
degree photoperiod as well as food availability ¢gl1964, Hynes 1970, Hynes & Hynes 1975, Poff &
Ward 1989, Huryn 1996, McKiet al. 2004, Danks 2007).

To understand the way in which temperature, andrbyy flow, influence the evolution of life-history
strategies and particularly seasonal patterns oérgemce, one can refer to the “seasonal time

constraint” theory developed by Rowe & Ludwig (199Using the Ephemeroptera as a study group,
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this theory essentially suggests that when unfadar conditions (e.g. limited food availability,
temperature extremes — summer drought or wintezé&glimit the time available to aquatic insects to
reproduce, then depending on its current state pedy size, fat reserves) and time remaining e th
season to reproduce, the insect switches priootynvestment in development (maturing sexually)
rather than growth (biomass gain). In this manmverall development time is shortened and individual
therefore tend to stay small and emerge earlisnmadler adults (Verberét al. 2008). This switching of
investment priority from growth to development aride versaallows insects to maximise relative
fitness (Rowe & Ludwig 1991). Thus it dictates aticectly shapes the life-history cycles observed in
insects. Verberkt al. (2008) point out that relatively long developméntes, small body sizes or both
are therefore primary characteristics of specids whcope with adverse conditions. Examples of thi
are given by Sweeney & Vannote (1978) and Sweebh@yq, 1984). In general their studies indicated
that at elevated temperatures within a non-lethagje, insects generally grow faster and have larger

body size at emergence compared to those growiogjdér temperatures.

Insects that develop under more variable tempearaggimes, however, may grow at the same, faster or
slower rate than those at constant temperaturesndap on site specific conditions (Beck 1983,
Sweeney 1984). For three mayfly speci€ufella grandis Ephemerella infrequenand Baetis
tricaudatud Rader & Ward (1990) showed that seasonal growtinged at three sites with similar
elevations but different temperature regimes (leet &lso Delucchi & Peckarsky 1989 and Mendez &
Resh 2008). Site 1 experienced a colder but maiebla thermal regime than the other sites as agll
rapid seasonal changes, including a short sumneicay freezing winter. At this site growth in all
species was slow during summer-autumn, with no trawer winter, and rapid growth during spring-
summer. In contrast, at site 2 which exhibited aermnstant thermal regime with gradual seasonal
temperature changes as well as warm winter and sigoimer temperatures, growth was continuous
throughout the year even in winter. Site 3, howeverd the highest maximum and mean annual
temperatures and also a more constant thermal eegincomparison to site 1. Intermediate rates of
seasonal change and buffered winter temperatures ggerienced at site 3 and growth was either
continuous or rapid over the spring-summer anceddfi between the species. Robinsbral. (1992)
reported a greater genetic variability in a specieBlecopteraHesperoperla pacificapccurring in a
stream with more variable flow (seasonally cyctiompared to the same species occurring in a stream
with more constant flow (seasonally constant). Aiddally a more recent study Wyrankenet al
(2008) showed that the stonefiemoura cinere@xhibited adaptive phenotypic plasticity with retja
growth in response to different hydraulic and st#tet conditions. These conditions are ultimately
controlled by flow within a stream. This examplenfore illustrates the manner in which insect life
histories can be influenced on a fine scale thrabhghinteraction of various factors relating taragke
variable (e.g. flow). All of the aforementioned diees illustrate collectively the flexibility of -

histories in species in response to flow variapidind thermal differences between habitats (see als
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Ward & Stanford 1982, Poff & Ward 1989, SchlosséB2, Miller & Golladay 1996, Lytle 2002,
Andersoret al.2006).

Various studies (e.g. Campbell 1986, Huryn 1996KMet al. 2004) have shown that aquatic insects
within the Southern Hemisphere tend to exhibit mitegible life cycles than those in the Northern

Hemisphere. Both Hynes & Hynes (1975) and Hart $)98uggested that these flexible and

opportunistic life-histories were a selective rem® or adaptation to unpredictable/variable
environmental conditions. Highlighting this variélyi and unpredictability in flow and climate, Pagt

al. (2006a), showed that on a global scale South &faied Australia have the highest interannual and

intraannual variation in flow when compared to Exgothe United States and New Zealand.

Studies from South Africa assessing aquatic inlsechistories in relation to temperature and/awl
are however scarce (with exceptions being King 19882, Kinget al. 1988, Ractliffe 2009) and as a
result only broad trends have been inferred. Thedade: larval abundance peaks occurring in spring
to late summer (Kingt al. 1988), winter life cycles being synchronised witib first winter rains (King

et al. 1988), seasonal changes occurring at a predictabé on an annual scale (King 1981), and
autumn to summer life cycles with high rates ofetisemergence occurring in summer (King 1981,
1982). Ractliffe (2009) further categorised lifestiory responses of several aquatic insect speas f
the Molenaars River as follows: those exhibitingmswer development life-histories, winter
resistant/summer intolerant life-histories, tempeea and flow resistant life-histories and high
resilience unsynchronised life-histories. Thoseildtihg summer development life-historie&grionyx
spp, Adenophlebia peringueyella, Cheumatopsyche &htamarraspp.) had large, dominant and fast
developing summer generations, with either a seconaller generation or over-wintering portion of
the initial generation. The life-histories of spegin this category were assumed to be timed tadavo
winter flood disturbance. Species exhibiting wintesistant/summer intolerant life-historidslgoria
uniradius, Lithogloea harrisoniL. penicillata, as well as all Plecoptereollected— Desmonemoura
pulchellum, Aphanicercapp.) showed moderate to high levels of flood tasize, with some species
showing maximization of larval development in winte.g.Elporia). Some species with temperature
and flow resistant cycles (i.e. high levels of flocesistance and tolerance to maximum summer
temperatures), showed slow univoltine cyclesthiralus eleganswhile others exhibited fast seasonal
bivoltine life-histories Demoreptus capensis, Agapetus agilis, Athripsoliegensis Baetis spp.,
Simulium spp and Orthocladinae are examples of taxa exhibiting high flood resitie and
unsynchronised life-histories as they revealed signidicant decreases in density and strong
recruitment after floods. With only these few sasdiavailable, the links between hydrological and
thermal variability in natural systems are onlyrtatg to be investigated in South Africa, and cothg
only few data exist regarding the thermal regimésSouth African rivers (Dallas 2009, Dallas &
Rivers-Moore 2012, Dallast al. 2012 and Chapter 2 in this thesis).
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Given the large gap in knowledge and literature thasts with regard to Southern Hemisphere and
specifically southern African aquatic insects armebirt life-histories, the augmentation of such
knowledge is vital if our ecosystems are to beatiffely conserved and managed, especially in tbe fa
of ongoing development, anthropogenic impacts dabad climate change. A better understanding of
the life-history responses of invertebrates tortadrand hydrological regimes, as well as pattefns o
change in these regimes, will allow for consultaantsl researchers alike to a) provide more informed
guidance to future development and impoundmenteptsjand b) to begin to establish thermal
guidelines for the Ecological Reserve (see Riveosid et al. 2013a). Such information is also

invaluable to the growing research interests inntiad modelling and global climate change scenarios.

The aims of this chapter are thus 1) to presemtilddtlife-history data (investigating life-histotsaits
such as growth, voltinism, emergence period andhivag period) for selected indicator species from
the EPT taxa (namell. penicillata, A. barnardi, A. flabellata, A. setid and C. ambulany 2) to
contrast life-histories exhibited by these speiies set of pre-selected rivers that experiena@nge of
hydrological and thermal regimes (data presente@hapter 2), and 3) to determine tolerances and
optima for growth and to interpret the life-histatgta in relation to the major environmental vagab
affecting life-history traits (flow, water tempeua¢ and water quality; data presented in Chaptand)

also in relation to genetic analyses (data predant€hapter 3).

In order to better interpret the life-history dg@i@sented in this chapter, laboratory experimergsew
conducted to determine the developmental periodtlednal tolerance limits of eggs collected from
species representing each genus (see Chapterdijiohdlly laboratory experiments were conducted to
determine growth rates of representatived_openicillata occurring from two different sites under

different thermal conditions (see Chapter 6).

4.2 Methods

4.2.1 Study site summary information

Detailed study site descriptions, analyses of emwvirental variables pertaining to each of the study
sites as well as information regarding the proadsselecting the specific study sites are proviged
Chapter 2. In order to highlight some of the presh@mt differences among the selected study sites in
terms of environmental variables, a brief summarfy some of the key environmental and
physicochemical variablewig. hydrological and thermal variables) associatedh wich of the study
sites is provided in Table 4.1. It should be ndteat the variables shown in Table 4.1 represent anl
small subset of the entire data-set of variablessidered for inclusion in the statistical analyses

presented in this chapter.
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Table 4.1.Summary of important environmental and physicocleaimrariables associated with each of the studgsWalues in brackets indicate C.V. as a percerfmgall variables except flow
predictability and temperature predictability whewdues in brackets indicate the percentage coogtscore. For accumulated Degree Days (DD) valudsackets indicate the accumulated DD
based on maximum daily water temperature as opposeean daily water temperature.

Max.
Mean Max. 30- Flow Mean 30-day Temp. Accum. # # Mean Mean Mean Mean
. . annual . - Mean Mean ) e
Site annual day mov. predictability water mov. predictability mean f|QW temp. Mean EC turbidity chan. Mean nitrate nitrite phosphate
flow ave. flow (0-1) and tem ave. (0-1) and DD regime regime pH (uS/cm) (NTU) width DO (%) conc. conc. conc.
(m3s) (m3s) (% constancy) ¢ C‘)). temp. (% constancy) (max.) shifts shifts H (m) (mgll) (mgl/l) (mall)
(6
0.79 15.13 6488.8 5.81 26.49 1.60 7.86 98.33
Eerste (2.16) 2.913 0.41 (45) (24.20) 23.04 0.59 (46) (7389.0) 13 7 (14.39)  (44.85) (160.26) (25.50) (4.54) 0.04 0.02 0.01
2.81 15.60 6704.4 5.27 16.27 0.91 13.49 99.51
Elandspad (3.79) 9.551 0.54 (50) (27.83) 25.06 0.60 (35) (7597.5) 6 8 (11.90) (47.45) (100.86) (17.48) (3.82) 0.05 0.06 0.03
5.12 15.66 6724.2 5.60 17.54 0.68 14.29 97.33
Molenaars (2.66) 18.840 0.51 (46) (28.09) 24.49 0.61 (36) (7533.1) 6 9 (13.84)  (47.99) (22.87) (23.92) (4.33) 0.04 0.06 0.02
Rooi-Els 0.25 14.98 6415.7 5.46 11.33 0.70 4.01 98.38
Kloof ss) 0981 056 (66)  (55gp) 2039 064(42)  (5g27.7) 4 4 (756) (3522)  (7007)  (11.74)  (3.72) 0.02 0.02 0.01
) 4.14 15.71 6750.5 4.75 15.64 0.65 9.24 93.93
Wit (2.57) 18.200 0.39 (33) (31.27) 27.10 0.56 (31) (7751.9) 11 8 (11.62) (36.22) (59.94) (98.22) (5.49) 0.02 0.02 0.02
3.16 15.81 6812.0 4.44 17.66 0.56 7.07 97.95
Wolwekloof (3.00) 2171 0.32 (64) (26.53) 24.95 0.59 (36) (7441.1) 8 5 (8.12) (44.67) (44.88) (26.89) (4.43) 0.03 0.02 0.01
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4.2.2 Field sampling

Monthly samples were collected for the period ARAID9-April 2010 from each of the six study sites.
On each sampling occasion, five separate riffldices at each site were selected for sampling. Only
riffle habitats were targeted for sampling, as ¢hbabitats are generally considered a) to conteen t
taxa most sensitive to anthropogenic impacts inotydlterations to water quality (Chutter 1971), b)
contain high abundances, biomass and diversityaxd, t(particularly the Ephemeroptera, Plecoptera
and Trichoptera - EPT taxa - commonly used as biimong taxa) (Brown & Brussock 1991,
Grubaughet al. 1996, Rollset al. 2012), and c) to be particularly sensitive to demin hydrological
and thermal regimes as well as water quality ingacising from anthropogenic activities (e.g. dams,
land cover changes), seasonal cycles (Bbwl. 2003, Bonadaet al. 2006, Rollset al. 2012) and

therefore also global climate change.

Prior to sampling the biota with a net, the averagm®city in the water column as well as a depth
measurement were recorded from each riffle usiGdodal Water FP101 Flow Probe. Care was taken
not to disturb upstream sections of the site orriffle sections themselves during this processann

attempt to prevent any unwanted downstream drifigpfatic macroinvertebrates.

Following the recording ah situ measurements of flow and depth, the riffles (stgrirom the farthest
downstream and moving upstream) were sampled bylygpitking up, shaking and brushing the
surfaces of cobbles within the riffle as well asrisig the sediment underneath and surroundingethes
cobbles, whilst an assistant held a standard sdrare kick net (30cm x 30cm x 60cm), fitted with a
80um mesh in place, no more than two meters downstr€amr allocated and timed periods of one
minute per riffle, as many cobbles as possible iwithe separate riffles were sampled in this manner
As far as possible, sampling effort was kept cdaestsfor all rivers over each sampling time unit (1
minute), and each month, by utilising the samalfadsistants and sampling operator (VR-G). Samples
were semi-quantitative since the population siztrihution in each of the rivers was the parameter
primary interest, rather than absolute abundangeeasures of density. However, in each riffle altot
area of approximately no more than 1?5mas sampled on each occasion. For informationrdéaug

the collection of data pertaining to all environ@mwariables see Chapter 2.

After each replicate sample was taken, the coldeateertebrates were emptied into separate 500ml|
plastic ball jars, preserved in 70% ethanol and tle¢urned to the laboratory where they were stated
-20°C to optimize preservation until they could pecessed (soft-bodied invertebrates gradually
degrade in 70% alcohol). In addition to the repgécanacroinvertebrate samples collected from riffles
approximately twenty minutes on each sampling dooasas set aside for the collection of sub-imagos
and imagos. Adults were collected for the most frarh the underside of stones and debris and also

from riparian vegetation by hand using a combimatibsweep netting and an aspirator.
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4.2.3 Laboratory methods

Obtaining nymphal size measurements

Stored samples were subject to a primary sort uad#issecting microscope (20x) into the EPT taxa
using a salt flotation technique (see Hauer & RE396). Following this initial sort, specimens were
then identified to the species level using the taxoic keys listed in Chapter 3.

In this study, in order to assess cohort developimegression and growth, different hardened or
sclerotised body parts were measured for eacheo$elected species. Body length measurements were
not recorded as a) there are often fairly highleweé variability in this measure (frequently asesult

of the effects of preserving agents distorting ehydlrating the organism, b) specimens often exhibit
telescopic retraction of the abdomen and c) cedamples were of low quality containing specimens
with damaged softened body parts. Collectively ehfssctors can make it difficult to determine the
relationship between size and age or instar usiody dength measurements. Fbr penicillatg
Aphanicercellaspp and C. ambulans the following body parts, in order, were selectfn
measurement: interocular distance (IOD) (the naestwlistance between the inner edges of the eyes),
head capsule width (HCW) (measured via straigh through the eyes to the edges of the head), and
head capsule length (HCL) (measured via straigltfliom the base of the mandible through the eye to
the lateral indent along the posterior margin adcheapsule) (see Fig. 4.1). It was not possiblest

the same body part for measurement for each ofhiee species owing to marked differences in

morphology.

A B €

Fig. 4.1. Size measurements recorded for life-history analyfee target species A) interocular distance for
Lestagella penicillata(Ephemeroptera), B) head capsule width Aphanicercella scutatgPlecoptera) and C)
head capsule lengt@himarra ambulangTrichoptera). Bars indicate the position of tleepective measurement
lines in the three taxa.
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Measurements of the selected body parts of thettapecies were obtained from captured photographs
of all of the individuals in each sample, usingasirated Leica EZ 4 dissecting microscope fittathw

a digital camera in conjunction with the Live Messuent and Analysis Module in the Leica
Application Suite V3.8 All individuals of each target species in eachnthty sample were counted in
order to provide a measure of relative abundant aking photographed and measured. A total of

16300Lestagellal725Aphanicercellaand 5229 individuals dEhimarrawere measured.

Analysis of size measurements

Using the respective measurements of hardened sty as a measure of size increase, size frequency
histograms were produced for each target speciedifof the rivers. These size frequency histoggam

were then used to infer voltinism and as far asipgsto track cohorts through time.

The numbers of black wingpad individuals in eaclnglea were noted foiL. penicillata and
Aphanicercellaspp. This provided an indication of the timing the completion of the life cycle in
these species and was also used in conjunctiontidétpresence of sub-imagos and imagos (adults)

collected each month for all species to estimageotiset and duration of the emergence period.

In order to follow cohort progression through timegan monthly values of body measurements were
analysed using linear regression in species whesiagie cohort or generation could be tracked (i.e.
univoltine species). However, for species exhibitioverlapping cohorts or multiple cohorts (i.e.
multivoltine species) these linear regression tepghes could not be successfully applied. Where
applicable, the slopes of the regression analysedded an initial indication of growth rate of the

target species (steeper slopes suggesting faswathyr

For species exhibiting univoltinisnhéstagellaand Aphanicercelly, hatch dates were estimated using
backward linear regression analyses of the mearthiyosize measurements. The respective intercept
points for these backward linear regression analygere set to the smallest size measurements
recorded for each species. These smallest sizeeslagere assumed to represent first-instar indagdu
(confirmation of the size measurements of firstansndividuals of each species was obtained in egg

development experiments conducted in Chapter 5).

24 Photographs are calibrated to the magnificatieellef the microscope at the time the photograghken such
that measurements can be obtained from the phqiogah a later stage using the Leica ApplicationteSui
Software. Manual calibration of the microscope wk® carried out prior to taking photographs ofcapens, by
taking an image of a microscope graticule and comifig measurement accuracy from the photographurof
15-20 specimens were placed on a glass microsdmjgeand photographed at a time. In order to statisa the
photographs and subsequent measurements, a gheess stip was placed over the group of specimenbeo
photographed in order to flatten them and minindis¢ortion.
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4.2.4 Statistical analyses

In order to assess life-history data for the stgggcies in relation to the various physicochemical
variables measured, both general linear models (6L&hd multivariate methods (see Appendix 4A)
were employed. Separate GLM's were used to inastithe effects of environmental variables on a
measure of growth of each species. Multivariatehnapes were also employed to provide an
alternative and perhaps less conventional way wéstigating the life-history data. In the various
multivariate analyses performed, the response blarigstage compositional data" (defined as the
numbers of individuals of each genus of a certgi@ ia a given sampling month) was related to the
same set of environmental variables. For the p@pas$ this study only the results of the GLM's are
reported in full, while the multivariate analysese gprovided in Appendix 4A purely for the

consideration of the interested reader.
General linear modelling

A measure of growth was calculated for each stwhug and, although slightly different methods were
used in each case, the generic term ‘growth’ wellused in the main text for simplicity sake. FEor
penicillata and Aphanicercellaspp., growth was calculated as size increase sincestimated hatch
date. ForC. ambulansgrowth was an estimate of size increase per lansthar. The details of the
growth calculations for each study genus and jaatibns for applied transformations of this resgon

variable are given in Appendix 4B.

GLM's were used to take into account a variety mfimnmental variables that could influence the
growth of each of the study genera (for exampleewsgmperature or flow conditions in which the
samples were collected), in order to estimate tleeteof these variables on growth. The GLM struetu
has three main properties: 1) the distribution morestructure of the response variable, 2) the
systematic component or structure of the model whigates observed values to predicted values
emerging from the sum of the linear effects of éplanatory variables and 3) the link function vhic
relates the mean values of the response varialtheetexplanatory variables (Crawley 2007, Zaual.
2009). The GLM is a flexible and useful tool givémat it can cater for a number of non-normal
distributions (e.g. Poisson, negative binomial obiial, geometric) and that it can incorporate ndiyna
distributed dependent variables along with botlegatical or continuous independent variables (Zuur
et al. 2009). In this case the response variable groaghcélculated from IOD, HCW and HCL - see
Appendix 4B) was continuous while the independertigtor variables were converted to categorical

factors®. A separate GLM was performed for each specied,imreach case a Gaussian or normal

% The use of continuous variables makes the assomfitat the response variable has a linear rektiprwith

the predictor variables. Since this has not bet&abéshed in this study it was considered bettarse categorical
data (Dr. Anabela Brandéao, pers. comm., Universit€ape Town, 2013). In other words categoricahddtow

for an investigation of trends in growth, as a oese to changing levels of predictor variableshaatthan
expecting a linear response to these predictoabkas.
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distribution with an "Identity" link function wassed. A summary of the GLM, the factors, factor lsve
and the reference levels used for "corner-pointaipeterisation for each species are provided ieBab
4.2, 4.3 and 4.4. All environmental variables wehecked for collinearity using a correlation matrix
and where two or more variables showed apprec@dlimearity ¢ > 0.8), only one of these variables

was included in the final GLM.

The equation describing each of the GLM's is givelow:

Growth= Hu+ A River + IBTemp + yStd.temp + 5Flow + €po. + ZE.C. + /7pH + HTurbidity + ! Channelwidh (41)

where growth is the response variable (see AppefB)xu is the intercept and the remaining symbols

correspond to categorical factors explained in @adl.2, 4.3 and 4.4.

It should be noted that bin ranges for each ofdiegorical factors were chosen so that as far as
possible the bins of each factor contained a sinmianber of data points. Since each species had a
different data set with differing numbers of obsdions for each factor level, different bin rangese

selected for each species.

As far as possible the GLM's were standardisedhimreffect of time by using an estimate of age gday
since hatch forLestagella and Aphanicercella and instar number foicChimarrd. GLM's and
multivariate analyses provide information relatioghe genus level only and were not used to td/ an
differentiate between either known speciesAphanicercellaor potential lineages dfestagellaas
evidenced from genetic analyses (see Chapter 3)etlgedifferences (notably focestagella may
however be related to the results of the GLM byessiag the effect of the variable "River", which
essentially is a variable that could account fereffects on growth of additional environmentakefé

that were not incorporated into the model (e.gedinces in food availability, solar radiation daher
differences such as genetic differences). It shdndlchoted that inferences made in this manner are

postulates and should be considered with caution.
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Table 4.2. Table summarising various factors as well as rdsmecreference levels selected for corner point
parameterisation in the GLM run foestagella penicillata.

Predictor variable/factor No. factor levels (levels) Relf:\:glnce
6 4
a River River (Eerste, Elandspad, Molenaars, Rooi-Els Kloof, Wiglwekloof) (T(?ggfl)z Is
ﬂT Mean monthly average of water 9 7
emp temperature (°C) (<11, 11-12.5, 12.5-14, 14-15.5, 15.5-17, 17-18%5-20, 20-21.5, >21.5) (18.5-20)
% Mean monthly std. deviation of 5 1
Std.temp water temperature (<1.1,1.1-1.3,1.3-1.5,1.5-1.7, >1.7) (<1.1)
7
fo) Mean monthly flow (rf¥s) (<0.05, 0.05-0.125, 0.125-0.313, 0.313-0.781, 07853, 1.953-4.883, L
Flow (<0.05)
>4.883)
£ Mean monthly dissolved oxygen 5 1
D.O. (% saturation) (<97.5, 97.5-99, 99-100.5, 100.5-102, >102) (<97.5)
Z Mean monthly electrical 5 5
E.C. conductivity (uS/cm) (<13, 13-16, 16-19, 19-22, >22) (>22)
n Mean monthly pH 5 4
pH (<4.6,4.6-5.1,5.1-5.6,5.6-6.1, >6.1) (5.6-6.1)
a. . Mean monthly turbidity (NTU) 5 4
Turbidity (<0.4,0.4-0.6, 0.6-0.8, 0.8-1, >1) (0.8-1)
/ ; Mean monthly channel width (m) 5 2
Channevidth (<4, 4-6, 6-8, 8-12, >12) (4-6)

Table 4.3. Table summarising various factors as well as mdspme reference levels selected for corner point
parameterisation in the GLM run féiphanicercellaspp

Predictor variable/factor No. factor levels (levels) Relfee\l;ZPce
a. River 6 5 (Wit)
River (Eerste, Elandspad, Molenaars, Rooi-Els Kloof, Wiglwekloof)
,BT Mean monthly average of water 6 9
emp temperature (°C) (<115, 11.5-13, 13-14.5, 14.5-16, 16-17.5, 17.518920.5, 20.5-22, >22) (>22)
% Mean monthly std. deviation of 5 4
Std.temp water temperature (<1.1,1.1-1.3,1.3-1.5,1.5-1.7, >1.7) (1.5-1.7)
o) Mean monthly flow (¥s) 8 1
Flow (<0.02, 0.02-0.08, 0.08-0.1, 0.1-0.22, 0.22-0.6;1.1-5, >5) (<0.02)
£ Mean monthly dissolved oxygen 5 1
D.0. (% saturation) (<94, 94-96, 96-98, 98-100, >100) (<94)
Z Mean monthly electrical 5 4
E.C. conductivity (LS/cm) (<12, 12-15, 15-18, 18-21, >21) (18-21)
n Mean monthly pH 5 3
pH (<4.6,4.6-5.1,5.1-5.6, 5.6-6.1, >6.1) (5.1-5.6)
. . .. Mean monthly turbidity (NTU) 5 2
Turbidity (<0.4, 0.4-0.6, 0.6-0.8, 0.8-1, >1) (0.4-0.6)
/ : Mean monthly channel width (m) 5 2
Channelidth (<4, 4-5.5,5.5-7, 7-8.5, >8.5) (4-5.5)
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Table 4.4. Table summarising various factors as well as mspe reference levels selected for corner point
parameterisation in the GLM run f@himarra ambulans

{channewigth ~ Mean monthly channel width (m)

Predictor variable/factor No. factor Levels (levels) Relfee\l;zlnce
a.. River 6 . 2
River (Eerste, Elandspad, Molenaars, Rooi-Els Kloof, Wiglwekloof) (Elandspad)
'Br Mean monthly average of water 8 3
emp temperature (°C) (<14.3, 14.3-15 .5, 15.5-16.7, 16.7-17.9, 17.9-19911-20.3, 20.3-21.5, >21.5) (15.5-16.7)
% Mean monthly std. deviation of 5 4
Std.temp water temperature (<1.4, 1.4-1.55, 1.55-1.7, 1.7-1.85, >1.85) (>1.7)
8 4

Mean monthly flow (r#'s)

low (<0.05, 0.05-0.15, 0.15-0.25, 0.25-0.45, 0.45-00665-0.85, 0.85-1.05, >1.05) (0.25-0.45)

Mean monthly dissolved oxygen 5 4

€po. (% saturation) (<97.5, 97.5-99, 99-100.5, 100.5-102, >102) (100.5-102)
Z Mean monthly electrical 5 3

EC conductivity (S/cm) (<13, 13-16, 16-19, 19-22, >22) (16-19)
n Mean monthly pH 5 2

pH (<4.6, 4.6-5.1, 5.1-5.6, 5.6-6.1, >6.1) (4.6-5.1)
o .. Mean monthly turbidity (NTU) 5 5

Turbidity (<0.5, 0.5-0.7,0.7-0.9, 0.9-1.1, >1.1) (>1.1)

5 4

(<4, 4-7,7-10, 10-13, >13) (10-13)

Validating GLM assumptions

After the optimal models were constructed for thee¢ study genera, they were validated and assessed
in terms of their adherence to underlying statidtassumptions according to the guidelines proposed
by Zuuret al. (2009). For each model, homogeneity was assess@ibtiing residuals against fitted
values. Normality of errors was checked by plottnggistogram of the residuals along with a QQ-plot
of the standardised deviance residuals againstdtieal quantiles. In order to determine if thererev
trends in the residuals of the model and to adeeifathey were identically and independently
distributed, Scale-Location plots were construcRekiduals were also plotted against each explgnato
variable used in the model, to check for any pila@ipatterns in the residuals. Since no trendswer
observed, these results were not reported hereitidwily, mean residuals for each river were
separately checked for autocorrelation through timig ACF plots. The mean monthly residuals
aggregated across all rivers were calculated asal eéhecked for autocorrelation using ACF plots.
Residuals vs. leverage plots, which use the Coslace function, were used to assess the model for
any influential observations or outliers. Plotsdise assess the underlying statistical assumpfans

each of the three separate GLM's are shown in AgipelC together with relevant interpretations.

Statistical analyses and plots, specifically thokthe GLM, were performed and constructed using R
(R Core Team 2012) as well as MATLAB 2008a. All tivdriate statistical analyses employed in

92



Chapter 4

Appendix 4A were conducted using PRIMER 6+PERMANO&ftware package from Plymouth
Marine Laboratory, UK (Clarke & Gorley 2006, Andenst al.2008).

4.3 Results

4.3.1 Life-histories - Lestagella

Voltinism

Life-history plots forL. penicillata from each of the study sitesonstructed using monthly size

frequency histograms of IOD measurements, are showng. 4.2. Total development time for this

species was shown to be between 12-13 months.dtfeeand that the sampling period in this study
spanned two generations, an older generation #tthhhtched in the year prior to sampling (2008) and
a new generation that hatched during the yearrapbag (2009). Smallest individual measurements of
IOD recorded from field samples were consisten@y08mm. The highest mean monthly values of IOD
recorded from each of the rivers are shown in TdlBe These values provide an indication of thermea

size of individuals at the time of emergence.

Table 4.5.Highest mean monthly values of interocular distamm®rded folLestagella penicillatan six rivers
in the Western Cape, South Africa. Mean monthlyugalare presented in boldface with standard dewiati
brackets along with total numbers of individualg @émprising informing each mean.

River Highest mean monthly interocular distance N Month
Elandspad 0.726(0.096) 144 October
Molenaars 0.724(0.117) 56 October
Wit 0.698(0.125) 10 October
Rooi-Els Kloof 0.633(0.052) 72 November
Eerste 0.625(0.128) 54 November
Wolwekloof 0.613(0.099) 509 October

The presence and relative abundance of black wihgwyaiphs in the samples indicated that in all
streams the emergence period began in the mor@lctober and extended for differing periods of time
in each of the rivers (Table 4.6). Estimated peaiergence times appeared to be earliest in the
Elandspad and Wit rivers (occurring in October) éatdst in the Rooi-Els Kloof River (occurring in
December). Emergence periods were longest in tha-He Kloof, Eerste and Molenaars rivers,
spanning a period of three months from October ézdinber. In contrast the individuals from the
Wolwekloof and Elandspad rivers had shorter emarggreriods spanning two months each, while

individuals from the Wit River exhibited an emergerperiod of only one mortth

% The estimates relating to emergence periods cdredetermined to a finer scale than the samplitepval, in
this case, one month.
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Table 4.6.The timing of key events in the life cycleslafstagella penicillatdrom six streams in the Western
Cape, South Africa. Asterisks denote estimateschasdow numbers of individuals.

Duration of First presence of
. Start of Peak . .
River emergence period next generation
emergence emergence

(months) nymphs
Wit October * October* 1* December
Elandspad October October 2 December
Wolwekloof October November 2 December
Eerste October November 3 January
Molenaars October November 3 December
Rooi-Els Kloof October December 3 January

Recruitment and hatching appeared to occur duhiegstmmer months of December and January but
were variable amongst the study sites. In the Muaesy Wolwekloof and Wit rivers, a period of
overlap (~one month) was observed between the rlaggeerging nymphs of the previous year’'s
generation and the hatchlings from the new yeaetecation (Fig. 4.2). Hatching periods were latest
the Eerste and Rooi-Els Kloof rivers occurring begw late December and early January. Hatching in

the remaining rivers appeared to occur betweerNatember and early December.
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Fig. 4.2.Size frequency histograms of interocular distaneasarements (mm) from individuals lofstagella penicillatacollected monthly from six streams in the West€ape,
South Africa for the period April 2009-April 201Bar length indicates relative numbers of indivigufar a given size class in each month. Asterisksasent the absolute numbers
of black wingpad nymphs collected in each monthalloumber of individuals in the sample for eachnthaare given at the top.
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Cohort analysis

Regression analyses of mean monthly IOD measuraneébt penicillataplotted against time, for both
the previous year’'s generation and the new geoerasire shown for the sampling period and each
study site in Fig. 4.3. Males collected from AuguBtecember 2009 in each river were excluded from
these analyses as the development of the eyes reldseoneasures of 10D (see Appendix 4D).
RespectiveR® and significance values (95% confidence level) aise presented in Fig. 4.3. Periods
towards the end of the life cycle in which the meaonthly measurements of 10D were found to

decrease were excluded from the regression analfysich individual generatiéh

All estimated slopes exhibited hidti values. In general the regression analyses fofifstegeneration
were found not to be significant, this owing pritharto increased variation in monthly 10D
measurements coincident with increasing size ofviddals measured for this period. Steepest
gradients were observed in the Wit, Elandspad aokkars rivers in contrast to the gentler gradient
observed in the Rooi-Els Kloof, Wolwekloof and Eersivers. The steepest gradient value was
observed in the Wit Riven{= 0.069) and the lowest in the Rooi-Els Kloof Riy@ = 0.038).

2" Such a decrease is commonly observed in life-histoalyses of aquatic insects as a period of eaneryis
experienced towards the end of the life cycle. Byithis emergence period larger nymphs leave ttee im order
to undergo their final moult into the adult statretheir absence only smaller individuals that rema the river
are sampled and measured and the average sizeeohdividuals (for the period immediately following
emergence) thus appears to decrease.
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Rooi-Els Kloof 0.038 0.154 0.86 0.249 it 0.034 -0.316 0.99 <0.001
Eerste 0.049 -0.013 0.95 0.488 Eerste 0.034 -0.338 0.99 <0.001
Wolwekloof 0.048 0.042 0.97 0.425 wolwekloof 0.042 -0.421 0.99 <0.001
Molenaars 0.057 0.017 0.93 0.778 Elandspad 0.046 -0.475 0.99 <0.001
Elandspad 0.059 -0.003 0.90 0.479 Rooi-Els Kloof 0.047 -0.501 0.99 <0.001
Wit 0.069 -0.061 0.99 0.053 Molenaars 0.049 -0.517 0.99 <0.001

Fig. 4.3.Regression slopes of mean monthly interoculaades# measurements (mm) for two separate generati®estagella penicillatacollected monthly from six streams
in the Western Cape, South Africa over the peripdlR2009-April 2010. Regression slope values ieygrepresent negative slopes as a result of emzggen
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4.3.2 Life-histories - Aphanicercella

Voltinism

Three species of stonefly from the geghanicercella(A. scutata, A. flabellata and A. barnaydi
were collected during the sampling period. Thedlspecies were not all present at each of the study
sites and in general overall monthly abundancese wemsiderably lower when compared lto
penicillata In some rivers two of three species were foundot@ccur, but where this was the case the
species were often present in different relativanalances, with one of the species usually being
predominant throughout the sampling periddscutatawas widespread and was recorded in the Wit,
Wolwekloof, Molenaars and Elandspad rivers. In\tfii¢é River, A. scutatawas the only species in the
genus present, while in the Wolwekloof, Molenaard &landspad it was found to co-occur with
flabellata. Samples revealed that flabellatawas the only species of this genus recorded irEthste
River and that it occurred in marginally higher atfances thar\. scutatain the Molenaars and
Elandspad rivers. In contragt. scutataexhibited slightly higher numbers of individualsah A.
flabellatain the Wolwekloof River. Within the Rooi-Els Klo#tiver the only species éfphanicercella
present in the samples was thafobarnardi,andthis specieslsooccurred only in the Rooi-Els Kloof
River. Based on distribution records (Stevens &&icl999, 2003, Stevens 2009)parnardi appears

to have a more northerly distribution in the Weast€ape.

Life-history plots constructed using size frequehéggtograms of monthly measurements of HCW for
each species @&phanicercellafrom the respective study sites are shown in Higka. and 4.4b. As was
the case foL. penicillata,the sampling period in this study spanned two gdimms of each of the
three species ofphanicercella an older generation that had hatched in the pear to sampling
(2008) and a new generation that hatched duringyder of sampling (2009). In general total
development time for the species within the geipbanicercellawere estimated to vary between 11

and 14 months.

Smallest individual measurements of HCW recordedhffield samples for each of the three species
were consistently ~0.135mm. In contrast howevenH@Geasurements of the largest recorded wingpad
individuals of the genus were observed to differaxdy among the three species but also for theesam

species among the six rivers sampled in this s{lidile 4.7).

Table 4.7.Highest absolute monthly and mean monthly recordedsurements of head capsule width (mm) for
three species of Plecoptera in the geAphanicercellain monthly samples collected from six rivers ire th
Western Cape, South Africa over the period ApriD20April 2010. Numbers of individuals (parenthesegyr
names and month of collection are indicated.

A. barnardi A. flabellata A. scutata

0.790(11) Rooi-Els Kloof, Jul 0.910(1) Eerste, Jul 0.843(2) Wolwekloof, Jul
0.929(1) Elandspad, Jul 0.855(1) Molenaars, Aug
0.755(13) Molenaars, Jun 0.821(20) Wit, Aug
0.700(4) Wolwekloof, May 0.521(5) Elandspad, Jun
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In general the three speciesAgfhanicercellarevealed extended emergence occurring roughly aver
period from May to September 2009. Estimated peakrgence times appeared to be latesA.n
scutatain the Wit River followed byA. barnardiin the Rooi-Els Kloof River. Extended emergence
periods of up to five months and four months wexeorded in the Rooi-Els Kloof and Wit rivers
respectively. In contrast, species occurring inWawekloof and Elandspad and Molenaars rivers had

shorter emergence periods spanning 1-2 months each.

Details regarding the timing of key events in tifie tycles ofeach species are provided in Table 4.8.
Low numbers of individuals were observed Af flabellata and A. scutatain the Molenaars and
Elandspad rivers limiting the interpretation andwaacy of life-history plots from these rivers. The
Elandspad River is a tributary of the MolenaarseRiwith sites on each of the rivers occurring ~2km
apart. Both rivers share similar species compasitio conjunction with only subtle differences in
thermal and hydrological regimes. It was expechedlefore that the same species observed to occur in
these rivers would exhibit similar life-history s — as was observed flor penicillata. As such the
low numbers of individuals oA. scutataandA. flabellatafrom these rivers (Elandspad and Molenaars)
were grouped together each month to form singéeHigtory plots for these species. Inferences were
drawn from these grouped plots as they provide eemomplete representation of life cycles (Table
4.8).

Table 4.8.The timing of key events in the life cycle of thregecies of Plecoptera of the gedyshanicercella
from six rivers in the Western Cape, South Afridssterisks denote estimates based on low numbers of

individuals.
. . Start of Peak Duration of First presenge of
River Species emergence next generation
emergence emergence )

period (months) nymphs
Rooi-Els Kloof A. barnardi May June / July 5 August
Eerste A. flabellata July July 1* September
Elandspad & Molenaars A. flabellata May June 4 October
Wolwekloof A. flabellata June June 2* October
Wolwekloof A. scutata May* May* 1* October
Elandspad & Molenaars A. scutata June* June* 3* September
Wit A. scutata June August 4 September

The recruitment and hatching appeared to occur riisvine end of winter (August) in the Rooi-Els

Kloof River for A. barnardiand over the spring months of September and Octoibehe remaining

species. Life-history plots showed recruitment qasi roughly similar in duration to the observed

emergence periods of adults. Recruitment periodsewaken as being the length of time from the

estimated start of emergence to the date of fietgnce of next generation nymphs. Overlap ofutioe t

generations sampled is visible only in the montliseptember iA. scutatafrom the Wit River (Fig.

4.4b). For the remaining species a period of batveeee to two and a half months is observed between

final emergence of the previous generation anditstepresence of hatchlings from the new genenatio
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Fig. 4.4a.Size frequency histograms of head capsule widthsonements (mm) &fphanicercella barnardand Aphanicercella flabellatacollected monthly from five rivers in the
Western Cape, South Africa for the period April 208pril 2010. Bar length indicates relative numbefsndividuals for a given size class in each rhoisterisks represent the
absolute numbers of black wingpad nymphs colletezhch month.
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Fig. 4.4b.Size frequency histograms of head capsule widthsomements (mm) &phanicercella scutataollected monthly from four rivers in the West&ape, South Africa for
the period April 2009-April 2010. Bar length indiea relative numbers of individuals for a givenesidass in each month. Asterisks represent thelibsoumbers of black
wingpad nymphs collected in each month. Total nunalbéndividuals in the sample each month are iatid by then values at the top.
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Cohort analysis

Regression analyses of the mean monthly HCW measunts of the three speciesAbhanicercella
namely A. barnardi, A. flabellata and A. scutata,plotted against time, are shown in Fig. 4.5.
Additionally respectivé?’ and significance values (95% confidence levelyégressions conducted on
both the first and second generation are indicéftegl 4.5). Mean monthly HCW measurements were
combined for the Molenaars and Elandspad riverdHertwo specieé. flabellataand A. scutatato

provide a more accurate indication of size increagh time.

Regression gradient values for the two generatdifisred markedly, with steeper gradients being
observed in the older individuals of the first gextien for all species and all sites when compaoed
the younger individuals in the second generatiag. (£5). All regressions fitted to the measurersent
from the first generation, with the exception c tWolwekloof River jp = 0.050) were found to be non-
significant but with generally higR? values > 0.5 (Fig. 4.5). Non-significant results aot unexpected
for this generation over the period from April (pBamber as a result of a) increased variation adhe
capsule measurements owing to sexually dimorphoevtir, b) variation in mean monthly values as a

result of emergence, and c) variation in measuré&ranncident with increasing size.

Within the earlier instars of the second generataregression gradients were highly significaartd
gradients showed substantial groupings accordingpicies and more subtle differences in slope
according to sites (Fig. 4.5). Clear separation waslent between the speciés scutataand A.
flabellata, while A. barnardifrom the Rooi-Els Kloof showed a gradient simiiartthat observed foh.
flabellata. A scutateexhibited slower increases in size over time thAarflabellatg with the lowest
gradient values observed for this species recordetthe Wit River (n = 0.021) followed by the
Wolwekloof River (n = 0.025) (Fig. 4.5)A barnardiexhibited a slightly steeper regression gradiehts
0.033, whileA. flabellatafrom the Wolwekloof, Eerste and both the Elandsaad Molenaars rivers
combined showed values of 0.041, 0.047 and 0.0gf®ecdively (Fig. 4.5). Too few individuals &f

scutatawere recorded from the Elandspad and Molenaarssrigeinfer size increases with time.

Differences in the gradient values observed betwientwo generations (essentially differences
between early and late instars) were observed grémest foA. scutatafrom the Wolwekloof River,

followed by the same species in the Wit River flabellatafrom the Molenaars and Elandspad rivers
showed the smallest difference followed by the sampecies in the Wolwekloof and Eerste rivers

respectively.
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m c R P m c R p
Wit (A. scutata) 0.109 -0.133 0.97 0.058 Wit (A. scutata) 0.021 -0.060 0.93 <0.001
Wolwekloof (A. scutata) 0.166 -0.442 0.92 0.050 Wolwekloof (A. scutata) 0.025 -0.074 0.96 0.014
Combined (A. scutata) 0.148 -0.353 0.94 0.083 Combined (A. scutata) 0.005 0.179 0.01 0.123
Eerste (A. flabellata) 0.107 0.097 0.95 0.756 Eerste (A. flabellata) 0.047 -0.239 0.96 <0.001
Wolwekloof (A. flabellata) 0.091 0.087 0.46 0.584 Wolwekloof (A. flabellata) 0.041 -0.182 0.47 0.008
Combined (A. flabellata) 0.098 0.092 0.84 0.888 Combined (A. flabellata) 0.049 -0.221 0.83 0.012
Rooi-Els Kloof (A. barnardi 0.111 -0.019 0.97 0.679 Rooi-Els Kloof (A. barnardi 0.033 -0.166 0.98 <0.001

Fig. 4.5. Regression slopes of mean monthly head capsul¢hwittasurements (mm) for two separate generatidriree
(Aphanicercella. Measurements were collected monthly from sienmévin the Western Cape, South Africa over theopegipril 2009 -April 2010. "Combined" - refers

to the individuals of two rivers (the Elandspad &holenaars) which were pooled toget!

different species of Plecoptera

Chapter 4
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4.3.3 Life-histories - Chimarra

Voltinism

In contrast toL. penicillata and the three species Aphanicercella mean monthly size frequency
histograms of HCL measurements f@r ambulangevealed in general the presence of more than one
generation with multiple overlapping cohorts (Fg6). Individuals from a range of size classes were
present for the majority of the sampling periodnwthie number of cohorts appearing to vary acrass th
six study rivers (Fig. 4.6). A histogram of theeszecorded for all individuals of this specieseaded a
consistent grouping of HCL measurements into fivgcrgte size classes (see Appendix 4B, Fig.
App4B.1). These discrete size classes representothk number of larval instars exhibited by this
species. The range of HCL measurements within thetars across all rivers are indicated in Table
4.9. Differences in the relative numbers of thedarpresent in these size classes were observed fro
each of the rivers over the duration of the sangpfiariod. Relative numbers of larvae present isghe
size classes, observed each month over the durafiothe sampling period, helped guide the
interpretation of cohort progression through tinmel ghe estimation of the numbers of generations in

each study river.

Table 4.9. Range in absolute head capsule length measurerobsé&sved for the five larval instar stages of
Chimarra ambulangrom six rivers in the Western Cape, South Africa.

Range in absolute head capsule
length measurements (mm)
0.12-0.24
0.25-0.48
0.49-0.80
0.81-1.22
1.23-1.70

Larval instar

a b~ wODNPR

The smallest individual measurements of HCL recdrdeom field samples were consistently
~0.12mm. Mean HCL measurements recorded for thallamstars ofC. ambulansseparately in each
of the study rivers are presented Table 4.10. The kag between first-instar larvae hatching affter
winter period to the appearance of fifth-instavés and adults suggests a total development time fo
this species to be between 1-2 months. This estimauld need to be confirmed through rearing

experiments.
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Table 4.10.Mean head capsule length measurements (mm) (iiana) for the five larval instars @himarra ambulansn six
rivers in the Western Cape, South Africa. Standkndation (in brackets) and total numbers of indiirls informing each mean
are indicated.

Instar Eerste Elandspad Molenaars Rooi-Els Kloof Wh Wolwekloof
1 0.192(+0.012) 0.182(x0.018) 0.182(+0.018) 0.182(+x0.018) 0.182(+0.016) 0.182(+0.016)
176 438 653 680 1019 1095
5 0.366(+ 0.036) 0.358(x 0.029) 0.358(+0.028) 0.358(+0.028) 0.360(+0.029) 0.360(% 0.029)
158 927 1345 1390 1616 1709
3 0.635(x 0.059) 0.637(x0.047) 0.636(x0.047) 0.635(x0.047) 0.637(x0.048) 0.636(x 0.048)
41 702 1034 1111 1283 1358
4 1.016(x0.053) 1.015(x0.070) 1.007(x0.076) 1.006(x0.078) 1.007(x0.078) 1.005(+0.078)
12 309 551 627 694 725
5 1.314(+ 0.158) 1.420(x 0.103) 1.393(x0.103) 1.396(+0.102) 1.393(+0.099) 1.392(+ 0.099)
2 94 235 272 325 342

Adults collected and observed on a monthly basigcated that the emergence period differed in all
streams (Table 4.11). Additionally differences weleserved in the timing, number and duration of
generations as well as the appearance of firsiwidgtvae between the study rivers Table 4.11. ¥&dul
were present for 7-8 months (roughly October — Malyjhe sampling period in the Molenaars and
Elandspad rivers respectively. In the Rooi-Els KIBover, adults were recorded in only two months of
the year (October 2009 and April 2010) (Table 4.11)

Based on comparisons of the relative numbers ovishaals in each size class, in conjunction wita th
timing of emergence periods, the number of germat{and their respective duration) exhibited by th
species in each river could only be estimated. l#es éxact development time is unknown for this
species and individual cohorts could not easilytreeked through time owing to overlapping cohorts
and extended emergence periods, estimates of narmbgenerations should therefore be considered

with caution.

Table 4.11.The timing of key events in the life cycles@fimarra ambulangrom six rivers in the Western Cape, South
Africa.

Timing of first

Est. duration of Est. number of

River . Presence of adults . hatching after

recruitment generations .

winter (for n >1)

Rooi-Els Kloof Feb - May Oct, Apr 1 February
Eerste Mar - May Nov, Dec, Feb - Apr 1 March
Wolwekloof Dec - May Dec, Feb - Apr 2 November
Molenaars Nov - Feb Oct, Dec - May 2 November
Elandspad Dec — May/June Sept, Oct, Dec, Feb - Apr 2 December
Wit Nov — May/June Oct, Dec - Apr 3 November

Recruitment and hatching periods varied in timinga month or two across the rivers (which is
coincident with different timing of thermal and hgtbgical regime shifts) but in general peak

recruitment appeared to span the warmer monthgrisfgsand summer (October to May).
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Fig. 4.6. Size frequency histograms of head capsule lenggasorements (mm) from individuals Ghimarra ambulansollected monthly from six rivers in the Westerap@, South
Africa for the period April 2009-April 2010. Barngth indicates relative numbers of individuals dogiven size class in each month. Dashed horizéingd indicate separation of larval
instars. Grey bars with corresponding numbers Tyr 3 indicate the number and estimated duratiomuoltiple generations. P denotes a generation fftanprevious year. Triangles
represent months in which adults were present.| hotaber of individuals in the sample each monthgiven by then values at the top.
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Cohort analysis

Analysis of individual cohorts in this species waade difficult owing to asynchronous growth and
presence of individuals from all larval instars rimost months. Cohorts of this sort are termed
indiscernible cohorts. Further estimation of getienatime for this species was beyond the scope of
this study and as such only basic inferences (densil suitable for the purpose of this study) were
made from the available data. Multiple generatimese observed for certain rivers and in most cases
recruitment period appeared to be extended (ocguover several months). Individual cohorts within
the sampling period exhibited both slow and fdstdycles. Slow life cycles were observed in cahort
recruited in autumn from adults of the previousrigegeneration. Individuals from these cohorts
appeared to remain either as large larvae or pupabe stream overwinter and showed slower
progression in size during these colder and hifberconditions. Additionally they were consideried
have led to the emergence observed in most rivetsd early spring (September - October 2009). Fast
life cycles seemed apparent in cohorts recruitegr dlre warmer period from early spring through
summer. The estimated number of generations fdr eeer was based largely on the counts of fast and
slow life cycles. Fast life cycles were observeddnge in length from 1-3 months, while slow life
cycles took as long as 4 months to complete. Mocerate predictions of the length of these lifelesc
need to be obtained through either rearing expetisner sampling over shorter intervals (a minimum
of 2 weeks). No clear evidence of sexual dimorphigas found in the larvae for this species as they

could not be separated according to gender.

4.3.4 Estimated hatch dates

The estimated mean dates of hatching..irpenicillatabased on backward linear regression of mean
monthly IOD measurements (from the second generatidy) are shown in Fig. 4.7. Hatching in all

rivers was estimated to occur in the summer mofitma late November to early December. Earliest
hatching was estimated in the Wit River (21 Noverpbeughly three weeks earlier than hatching in

the Eerste River (10 December).
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Wolwekloof

Estimated hatching date:
Wit: 21 Nov
Wolwekloof: 27 Nov
Elandspad: 1 Dec
Molenaars: 5 Dec
Rooi-Els Kloof: 8 Dec
Eerste: 10 Dec
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Fig. 4.7. Estimated dates of hatching liestagella penicillatebased on backward regressions of mean monthly
interocular distance measurements collected faleioohorts from six rivers in the Western CapejtBdfrica
over the period November 2009 — May 2010. Dasheatl solid lines represent groupings of rivers based o
similarities in thermal and hydrological regimé&$e large dashed horizontal line denotes the hapdute width

of first-instar hatchlings (0.08mm).

On the other hand the estimated mean dates ofihgttdr Aphanicercellaspp.were found to span a
longer period of time from early-July to late-Augj&ig. 4.8). Hatch dates foh. flabellata were
estimated to occur from 5 July (Elandspad and Mades rivers) to 27 July (Eerste River), while
hatching forA. scutataoccurred later from 4 August (Wolwekloof River)26 August (Wit River). The
estimated hatch date fér. barnardi(Rooi Els Kloof River) was likewise the 26 Auguéwing to low
sample numbers, hatch dates could not be estinfiated. scutatafrom the Molenaars or Elandspad

Rivers.

Since no clear cohorts were evident @rambulansregression methods could not be used to estimate

hatch dates in the same manner as fgrenicillataandAphanicercellaspp.
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Fig. 4.8. Estimated dates of hatching in three species e¢dpitera (genusphanicercelld based on backward
regressions of mean monthly head capsule width ineaents collected for single cohorts from six mrévim the,
Western Cape, South Africa over the period July9®28Q@anuary 2010. Dashed, solid and marked limagsent
the specieg\phanicercella flabellata, Aphanicercella scuta@adAphanicercella barnardiespectively in each of
the rivers. The large dashed horizontal line dentite head capsule width of first-instar hatclli@13mm).

4.3.5 Linking abiotic data to life-histories

GLM approach

Plots of the estimated effects of environmentalades on growth, generated from the GLM's carried
out for Lestagella Aphanicercellaand Chimarra, are shown in Figs. 4.9, 4.10 and 4.11. Complete
outputs of the estimated effects of each variabléghe GLM's are provided in Appendix 4E. The
respective study genera revealed contrasting groegponses, particularly with regard to hydrologica
and thermal parameters which showed the most maatfects on growth. Physicochemical parameters
exhibited less obvious effects on growth. Some wotthy trends are that. penicillata showed
optimal growth at intermediate temperatures (1%20), relatively low pH levels (4.6-5.1), low EC
(<13uS/cm), channel widths greater than 10m anuaxterate flows between 1.95 and 4.88min
contrast Aphanicercellaspp. revealed highest growth at lowest temperatird1.5-14.5°C) and
moderate flows (~5f¥s). C. ambulansexhibited fairly constant growth between instarshe widest
range of temperatures (14Q3 to temperatures exceeding 2CP and highest growth at low flows
(0.65-0.85r1 s).
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Fig 4.9.Plot illustrating the effect of factor levels ofvegal environmnetal predictor variables on the dghowoefficient ofLestagella penicillatas estimated by the GLNData
used in the GLM were colleceted from monthly saapghken from six rivers in the Western Cape, Sédtica (April 2009-April 2010). Site codes for thariable "River" as
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Fig 4.11.Plot illustrating the effect of factor levels a&ral environmnetal predictor variables on theaginocoefficient ofChimarra ambulanss estimated by the GLNData
used in the GLM were collecetd from monthly saragbken from six rivers in the Western Cape, Séitlta (April 2009-April 2010). Site codes for thariable "River" as

follows: Eer = Eerste, Ela = Elandspad, Mol = Malars, Roo = Rooi-Els Kloof, Wit = Wit, Wol = Wolwigof. Grey shading represents the 95% confidentsval.
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4.4 Discussion

Life-history studies inform numerous aspects ofl@geal and evolutionary research (Greene 2005).
More so, they are necessary if accurate interpoastof community and species level responses to
environmental and anthropogenic factors are to aden\While greatly valuable, such studies are time
consuming (in some cases requiring multiple ye&mdata collection), and generally funding for life-
history research is limited (Resh & Rosenberg 201®)a recent review of trends in life-history
research, Resh & Rosenberg (2010) provide evidiwcehat they suggest is a general decline in the
number of descriptive and life-history studies lgepublished. Elliott (2009) suggests that in 25rgea
since an initial review on life-histories (Butle®84), studies from egg to adult have remained s

is especially true in South Africa, in which no Bustudies on aquatic insects, such as that prekente
here, have ever been undertaken. Additionally [tarturbing that while there is a noted declinkfén
history studies in the Northern Hemisphere, sudearch is still in its infancy in the Southern
Hemisphere and has to a large degree not even bedbouth Africa. As Resh & Rosenberg (2010)
point out, it is likely that descriptive researaich as life-history and organismal studies, haenb

deemed unworthy and old-fashioned when comparetbte applied experimental research.

In contrast to this perceived view, life-history dardescriptive studies offer unique research
opportunities for hypothesis-based investigationsvall as experimental studies (Resh & Rosenberg
2010). They can be predictive or applied and inguly they have the potential to expose new areas
for research (Resh & Rosenberg 2010). Data gemkm@deng such studies can contribute to the
generation of target water temperature criteriaSouth Africa. Such criteria are a useful managemen

tool for maintaining stream temperatures, theretsueng the protection of aquatic ecosystems.

Target species analysed in this study exhibitedkettly different life-history responses, not only in
terms of voltinism, but also in the timing of sealeiraits. These responses also differed amonegst th
rivers studied, in accordance to the major siteigirgs of the rivers (using flow and water tempenet
data) (Chapter 2). As such, each of the targetispegnalysed in this chapter will be discussed

separately.

Regression analyses of size measurements of diffeoborts ofAphanicercellaspp. and.. penicillata
from the study sites allowed for comparisons ofwglorate, size at maturity, emergence period and
estimated hatch dates to be made across the sitesatadifferent stages of the life cycle. These
estimates (in the case bf penicillatg showed that hatching occured earlier in riversilding higher
average water temperatures (e.g. Wit River) thassahexhibiting lower average water temperatures
(e.g. Eerste River). Clear differences in growtte naere observed between the different generations
(early and late instars) of botkphanicercellaspp. and.. penicillata suggesting possible ontogenetic
shifts in growth rate (related to optimal thermahditions or inherent genetic differences, seetdnt

1976a, Sweeney & Vannote 1978, Cliff@dal. 1979), sampling error and sexually dimorphic gitowt
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Such differences in growth rate would likely haweeb responsible for differences in the timing of
emergence period and overall life cycle length. dlagree to which phenotypic plasticity might furthe
influence life-history traits is explored furthariLestagella(Chapter 6). Additionally, the potential for
phylogenetic constraint to be differentially affegt the flexibility and expression of life-histotsaits

in each of the species is discussed in Chapter 7.

The GLM's provided a useful way of visualising aaldo quantifying the effect of each of the
considered environmental variables on the growtthefstudy taxa across all sites. In particular the
GLM's allowed for inferences to be made regardipggnoum conditions for growth. Size measurements
recorded from individuals occurring across the eand study sites allowed for a full spectrum of
growth responses to be assessed for each specietaiion to different ranges of environmental

conditions.

It should however be noted that GLM's are just nwaad while no model is perfect, the approach
adopted in this study provides a novel and usehll for both informing and establishing preliminary
thermal guidelines for these genera for the EcobidReserve based on field data. Emphasis is haweve
placed on the fact that GLM's can and should bd irseonjunction with laboratory experiments as the
GLM's provide an indication of optima rather thathhl limits. Egg development experiments (such as
those presented in Chapter 5) give an idea of thlerthresholds or limits for successful
recruitment/hatching, and CTM and dglexperiments (such as those produced by Dallas, ZD&itas

& Ketley 2011, Dallas & Rivers-Moore 2012) providssight into thermal limits for larvae/nymphs.
Considering the differences observed between fhehistories of the study taxa from the different

sites, the life-histories of each of the study taihbe discussed separately.

4.4.1 Lestagella penicillata

The life-history ofL. penicillatain all six study rivers was found to be that ol@sseasonal cycle (see
Hynes 1970) with a single cohort or generation enidvithin a given year- i.e. univoltine. This oyd$

not uncommon in Ephemeroptera and has been obsémvedveral genera occurring both in the
Southern and Northern Hemispheres (see Hynes Ma0itt & Cummins 1996). This finding was also
in agreement with observations for the same spdomes different sites at the Eerste River (King
(1982) and the Molenaars River (Ractliffe 2009)pRsentatives of this species exhibited subtle
differences in the timing of life-history traitwif. emergence, hatching, recruitment, mortality and
growth) amongst the rivers studied - lending ecialalgsupport for the genetic analyses (see Ch&ter
which revealed considerable divergence betweewdhieus populations. These life-history traits will

be discussed individually.
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Emergence

The emergence period for this species appeareé teell defined, having a duration of one to three
month$®. The onset of the emergence period in this spetiEsmost likely cued to the warming of
water temperatures in the respective rivers (sempteh 2). First adult emergence occurred in October
in all but one study river, namely the Wolwekloa/&, in which it occurred almost a month later in
Novembef®. Data suggest that this is a direct result ofdbiayed onset of spring warming (owing to
late and persistent winter flows) in this river,igfhis in line with the observations of Nebeker{189)

as well as Vannote & Sweeney (1980), who reporsetiee onset of emergence in both stoneflies and
mayflies as a result of experimentally increasetewegemperatures. Emergence patterns also appeared
to be timed to coincide with optimal conditions fmdult flight. Mayflies mate in flight and females
have been recorded to fly significant distancesrapm before ovipositing (Brittain 1990). In order
maximize advantages for mating and also succegshviposition in the correct location, warm air
temperatures for flight are needed (Brittain 19%@)colder conditions these insects remain inadcise
they cannot attain a suitable body temperaturdligint. As such, warmer spring and early summer

conditions presented suitably warm periods fohtlig

Emergence periods were observed to be longer imtbecoldest rivers (Rooi-Els Kloof and Eerste),
with larger late-instar nymphs remaining in riversll into December. In contrast large nymphs were
absent from the warmer rivers (barring four indiadl stragglers in the Molenaars) during the mid-
summer heat experienced in December. Similar obens were made by Ractliffe (2009) who
observed that large nymphs were absent from thehalrs River over December. This finding could
be attributed to the possibility that nymphs aveidrm water temperatures over the heat of mid-

summer, by emerging as adults prior to the increasater temperatures.

Hatching

The timing of hatching i.. penicillatawas largely informed by laboratory experiments ssisg the
development of eggs at a range of water tempesafgee Chapter 5). Field data however offered some
valuable insights into the timing of this traittimis species. The presence of first-instar nymphthe
rivers is largely consistent with the onset andatlan of the adult emergence period exhibited gy th
species in each of the rivers. In warmer riverappears that shorter adult emergence periods would

most likely have resulted in more synchronized osifion, earlier hatching and thus shorter perioids

28 Adults that emerged from holding tanks in the kalbory at 10°C (air and water temperature) wereplesi to
survive for up to two weeks. This unexpectedly Isugvival period may be eesult of the cold temperature and
the fact that the adults remained largely inacfive did not mate) and is therefore unlikely tfleet the natural
survival time of an adult.

% The mean sizes of the nymphs collected from théwaldoof River were greatest during the month otdber
(Table 4.5) and showed a comparable size to thogeeiother rivers for the same period. This suggkethat they
were also nearing emergence at the time of samplimgnd the 17 October and most likely would have emerged
shortly after sampling. Exact timing of first emenge however cannot be confirmed owing to the sagpl
accuracy of one month.
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recruitment. In colder rivers first-instar nymphfstioe new generation were noticed approximately a
month later than in warmer rivers. Owing to thesprece of some overlap between the new hatchlings
and large nymphs of the previous generation, it staspected that development started immediately
after oviposition without diapause. Egg developmenperiments confirmed these observations
(Chapter 5). The implications of the developmem¢ahperature thresholds for egg development are
considered to be a key factor in the control ofytation sizes and mortality (as a result of hatghin

failure) of this species and are discussed in &urtietail in Chapter 5.

Using life-history plots and confirmed 10D sizes fofst-instar hatchlings (confirmed through egg
hatching — Chapter 5), informed estimates of theny of egg hatching could be made according to
each river using backward regression analyses 4F8). The observed presence of first-instar nymphs
in field samples confirmed the validity of thesdimates. Importantly these findings highlight an
oversight in the detection of the first-instar nympin the sampling process and consequently a
potential misinterpretation of recruitment periddsthe studies by Ractliffe (2009) and King (1982)
who both worked orlL. penicillata. These studies used coarser mesh sizes (125um d@hom60

respectively) which would have resulted in earlgtéam nymphs being undetected.

Hatching in early summer could suggest a) thatelamyymphs of this species cue the timing of
emergence to avoid mid-summer water temperatur$that oviposition is timed so that eggs do not
incur mid-summer water temperatures above the eggldpmental threshold temperature (see Chapter
5).

Growth

Studies by Sweeney & Vannote (1978) and Sweene@4)lBave shown that growth in insects,
particularly Ephemeroptera, is faster at higherperatures, provided that these are within a ndralet
range, and as a result they exhibit larger bodg aizemergence than individuals growing at colder
temperatures. This was clearly shown to be the foade penicillatain this study as a) cohort analyses
showed that the monthly incremental increase inmi@® (i.e. a measure of growth rate) was highest
on average for warmer rivers (Fig. 4.3) in accoogawith site groupings based on temperature and
flow (see Chapter 2), and b) warmer rivers showddgaer mean 10D in the month of emergence
(Table 4.5).

It is interesting to note that nymphs from the VRiver, while exhibiting the highest monthly
incremental size increase (Fig. 4.3) in accordawmitk it being the warmest river, did not yield the
highest mean IOD in the month of emergence. A ptssixplanation for this apparent anomaly is that

the Wit River experienced suboptimal conditiongjhivater temperaturé§yuring the recruitment and

%0 High water temperatures close to the developmehtakhold of 25°C, which correspond closely tdiaal
thermal and lethal temperatures (estimated 240 hogy= 25.9°C) proposed by Dallas (2009)
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growth period of early-instar nymphs over summetpdsure to high summer temperatures would
presumably act to retard growth (see Brittain 198#)ich was apparent in the lower regression
gradient of the second generation in Fig24.8dditionally, these suboptimal high temperatunese
followed by the lowest winter temperatures (gengralso suboptimal for growth (Hynes 1970)) of all
study rivers (~8°C). These two periods of suboptiomditions could account for the lower observed
mean monthly 10D in the month of emergence. It fhdoe noted here however, that samples sizes
from the Wit River were also generally small andsash this postulation would need to be confirmed

through further studies.

While it is widely accepted that growth rates afeserved to decline with increased body size
(Angilletta et al. 2004), it has also been shown that ontogenetftsshithe potential for growth exist
(Strong & Daborn 1980), whereby organisms thatethdevelopment at maximal growth rates ended
development with sub-maximal rates aride versa Exposure to temperaturbsth above and below
thermal optima ranges for growth has also been shtmwaffect aquatic ectotherms (Sweeney &
Vannote 1978), by causing reduced adult body sideraduced fecundity at maturity. Such changes in
growth at different stages of the life-history, idgr which different environmental conditions are
experienced, appears to hold true for the life @y@xhibited by.. penicillataacross the study sites.
Slightly lower growth rates were observed for edmlstar nymphs compared to late-instar nymphs of
this species (Fig. 4.3) — possibly because of hayhperatures experienced by juveniles in certain
months being above the thermal optimum estimatedyfowth in the GLM. Additionally, a peak in
growth was observed in the month of Septembes fossible that the high growth rates observed in
this month for all rivers represent resynchronaatof growth prior to emergence. Synchronisation
involves the faster developmental rate of laggmdjviduals, so that they can catch up to the rette®
population to ensure well timed emergence with fesyand thus incur a greater chance of mating.
Synchronisation in this case would be importantaf@hort-lived species suchlaspenicillatain order

to achieve competitive advantage for successfuinggVerberket al. 2008). Since photoperiod is
known to be an important factor relating to theitign of traits, specifically synchronization of
emergence (Nylin & Gotthard 1998, Verbertkal. 2008), a likely cue for this synchronization woblel

the September equinox (occurring on the 22 Septembkis date marks a change in day length and

subsequent increase in water temperatures (sedeCi2ap

GLM's revealed a temperature-dependent growth rpatte representatives af. penicillata. Growth
rates were observed to be lowest at water tempestoelow 12.5°C and above 21.5°C whereas
optimal growth rates were observed for temperatoets/een 13 and 21.5°C. This optimal range is
quite a lot lower than the 96 h LI(29.5°C) and CTM limits (33.2°C) reported by Dall& Ketley

%1 In contrast specimens from the Rooi-Els Kloof Rigshowed little difference between the regressitlignts
of the first and second generation suggesting estatdwth throughout the year, possibly as a reguttore stable
thermal and hydrological conditions
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(2011) for representatives of the same species. discrepancy suggests that while substantialllggrig
water temperatures can be tolerated by this spegresvth rate under such conditions would be
reduced/suboptimal. Evidence of such suboptimalitiravas observed in the Wit River where 30-day
moving average of maximum water temperatures werkigh as 27.10°C. The optimal range of 13-
21.5°C might help to explain the lower growth raiibited by the second generation compared to the
first generation of.. penicillatawithin the Wit River shown in Fig. 4.3. The firstigeration appears to
experience optimal water temperatures for growththie months of April to May (17 to 12°C
respectively), whereafter winter water temperatwggperienced from June-September (9.8-10.6°C)
yield lower growth. From October to December, florsluce and water temperatures increase once
again to optimal conditions (13.69-19.25°C) allogvifor a spurt of growth or synchronisation of
growth before emergence. Eggs are oviposited byNatvember and approximately two weeks later the
second generation of first-instar nymphs is pres&éhese early nymphs incur the warmest water
temperatures exhibited in the Wit River over thenthe of January to March, where water temperatures
were shown to exceed the optimal range (>21.5°@usTgrowth rate is lower compared to the first
generation and also to the second generation ophgrpresent at other sites that incur slightly eool

water temperatures over the same period (e.g. Risddoof River).

While temperature was shown to have the most appaféect on growth in the GLM's, some subtle
trends were evident for some of the remaining plogiemical variables. The increase in growth rate
observed at relatively greater flow levels and clehmvidths could be linked to food availability (inis
case, algae). One might expect primary productioet greater in larger, higher order, open-canopied
streams/rivers that receive more solar radiatioordased growth rates at lower EC and pH levels,

however, cannot easily be explained and might lage@ to species- and site-specific responses.
Abundance/mortality

The total abundances of individuals bbf penicillata recorded from each of the study sites were
generally comparable, except for that of the WitdRi The greatest numbers of individuals in alérs;
with exception of the Wolwekloof and Wit rivers, seeobserved during the autumn months of April
and May 2009, after which substantial declinesimbers occurred with onset of winter spates in June
most likely resulting in organisms moving downstreaNumbers generally showed a continual decline
through the rest of the months of winter and sprigspite spate conditions abating to more stable
flows towards mid-September. This gradual declimenumbers could represent either true natural
mortality (including predation and disease) or aavailability of individuals for sampling as a résaf

the organisms hiding deep in the substrate dur@rgp@s of unfavourable flow conditions (e.g. winter
spates in June). For example, particularly low nerstof individuals (as low as 0) were recordechin t

month of June for the Eerste, Wit and Wolwekloakrs. This was most likely as a result of flood
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conditions both preventing adequate sampling asd &rcing organisms downstream or into the

rhithron.

Total abundances were found to relate largely o foredictability scores and the number of flow
regime shifts for each river, rather than thermatameters. A high number of flow regime shifts
indicated by low predictability scores for flow, roelated with rivers exhibiting the lowest total
numbers as well as lowest numbers of individuatheaonth. The Wit River showed the lowest total
number of individuals (n = 171), the second highmsnber of regime shifts in flow (numbering 11)
and also the second lowest flow predictability sd@.39). In contrast the Rooi-Els Kloof River hhd

greatest numbers of individuals (n = 3861) in tatadl per month, while also exhibiting the highésif

predictability score (0.56) and the lowest numidditaav regime shifts (only 4).

The considerably lower numbers of individuals otedrin the Wit River, however, suggest that this
river experiences less favourable conditions fos Hpecies, relative to the other rivers. Basedhen
thermal and hydrological regimes observed for tivgr, it seems apparent that combinations of these
two parameters are having a substantial impactherpbpulation. Eggs laid in this river outside the
suitable window for development (which occurs bewearly-October and mid-November) would
experience mid to late summer temperatures neacritieal thermal limit for egg development (this
limit lies between 20 and 25°C) severely reduciagching success and recruitment. Additionally if
smaller nymphs were susceptible to estimated afitteermal limits (estimated at 25.9°C in 240 hour
LT s, experiments for slightly larger nymphs of this @pse, Dallas 2009), then the first-instar nymphs
hatched from eggs oviposited earlier in summer dde¢ exposed to temperatures in late summer
above these limits. The combined effects of lowcpetage hatching success, mortality in
hatchling/early-instar nymphs, and overall therns&less could likely produce a smaller initial
population. Assuming this small population survitadough summer and autumn, it would then be
faced with the onset of sustained high flows, faahd suboptimal temperatures for growth for most
of winter’?. The additional mortality experienced over wintesuld mean that a substantially smaller
population would survive to the adult stage to pidthe next generation. This cycle, if repeated in
consecutive years, would severely affect the otglulation size of this species in this river andld

therefore explain the consistently low numbers plesé

Without prior genetic analyses one might potentiaiterpret the differences in life-history exhut
by the same species (elg.penicillatgd across the range of sites to possibly be asudt isphenotypic

plasticity in response to differing environmentahditions (e.g. water temperature). The resulthef

%2 Conditions during winter are worsened by the thet this river has a shallow cobble substrate tauteby
large areas of bedrock — stones are susceptildeadurning during floods (V. Ross-Gillespie, paybs., 2010),
as such fewer suitable refugia would be available iadividuals would additionally not be able to vaodeep
enough within the substrate to avoid high flows.
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genetic analyses however, when interpreted in omtipn with the life-history patterns, tell a diféat

story.

Genetic analyses of sampleslLafstagellasuggest that apart from the Molenaars and ElandRpzer
sites a different lineage (potentially undescrilspecies) ofestagellaoccurred in each of the study
sites. The results suggested large amounts of igediferentiation between samples from the sites).
While the status of the species would need to bewed using additional genetic and taxonomic work,
the preliminary results suggest thatstagellalineages have evolved life-history responses ¢oréimge

of thermal and hydrological differences incurredhe respective study sites, such that subtle @sang
in the timing of specific life-history traits (e.gmergence and hatching period) have allowed tlem t
maximise fitness growth and fitness given the rasfgenvironmental conditions experienced in each of

the sites.

It would valuable to test this assertion by conohgctegg development experiments bestagella
collected from each of the study sites separatetly check whether the respective lineages have also

evolved different thermal thresholds for egg depeient.

4.4.2 Aphanicercella species

The life-histories exhibited by each of three spgdfAphanicercellaanalysed in this studyig. A.
barnardi, A. flabellataand A. scutata were all that of a univoltine, slow seasonal ey(dee Hynes
1970). This cycle, along with a semivoltine cydeking two years to complete development), is the
most common among the Plecoptera recorded frontethperate areas of Europe and North America
(Merritt & Cummins 1996). In general the speciedAphanicercellain this study showed growth of a
single cohort from late-winter (August/Septembérptgh the summer with adults reaching maturity
towards the end of autumn extending well into wirflday-September). Species traits were also found
to differ for these species in the six rivers stadiHowever comparisons of species between rivers w
only possible forA. flabellataandA. scutata In the Rooi-Els Kloof River onlA. barnardiwas found

to occur. The data obtained in this study regardeglife-history of these species Aphanicercella
serve as the only existing reference in South Afritherefore, while the slight differences in life-
history traits of the three species may be purslya aesult of genotypic differences (Chapter 3yth
cannot be confidently attributed to environment@hditions until additional data have been collected

for this species elsewhere.

Emergence

Owing to low numbers of individuals collected innpanction with low numbers of black wingpad
nymphs, estimates of emergence period are quitengmary and further confirmation will be required.
In generakthetiming and duration of emergence periods were fdonoe similar for the three species.

Emergence periods were less well defined than thbe penicillataand extended for longer periods
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(3-5 months roughly May - SeptemheAdult emergence dates were found to coincide \thihse
detected in other species from this genus (Ste2609). Emergence dates for the species appeared to
coincide closely with the onset of higher flows apates (first regime shifts detected in flow foayy
experienced in each of the rivers. The observathty of emergence could suggest that the nymphs
(most likely smaller sized nymphs) of the specidthiw Aphanicercellaare susceptible to mortality
induced from high flows or spate conditions andstlife-histories appear to have evolved such that
nymphs avoid these harsher conditions by a) thedgirof adult emergence over winter or b) over-
wintering in the egg stage. Additionally in contr&s the Ephemeroptera, adult plecopterans stay in
close proximity to the larval habitat and mate e@fidssubstrate (Brittain 1990). As little flying is
required for mating and also oviposition, coldertamperatures (such as those experienced in winter

June — August) provide suitable environmental dimat for the adults (Brittain 1990).
Hatching

The identification of first-instar nymphs in fieldamples was confirmed through comparing
measurements recorded from first-instar hatchloigisined in egg development experiments (Chapter
5). First hatching in théphanicercellawas observed to occur in August and Septembesvially a
period of between 1 to 3 months since the first lastiemergence of adults was noted. Developmental
time of the egg could therefore be estimated from life-history plots to similarly be anywhere
between 1-3 months. This observation corresponddabtavfindings obtained in the egg development
experiments for this species (Chapter 5) which dtbthhat eggs took approximately 37 days (350-370

DD) to hatch at a constant temperature of £&°C

Using backward linear regression analyses on tle®nsk generation cohorts of the species of
Aphanicercellathe mean dates of hatching could be estimatedtfie month where the mean HCW
was that of a first-instar nymph). These dates v@nad to differ according first to species andnthe
site groupingsA. scutatafrom the Wolwekloof River was estimated to hat@2 days earlier than the
same species in the Wit River on tHeAugust. This discrepancy might be owing to the faat none

of the smallest size class of individuals were iolgtd in samples for both August and September from
the Wolwekloof River in which they should have bgaesent - suggesting a sampling artefact.
flabellata on the other hand showed overall earlier estimhttdhing dates comparedAo scutata,jn
July, possibly as a result of marginally earliereegence owing to faster growth rates observedig th
species. Earliest hatching for this species wadmastd in the Molenaars and Elandspad rivers () Jul
while the latest hatching occurred in the Wolwekl@nd Eerste rivers (16 July and 27 July

respectively). These discrepancies could also bea agsult of sampling artefacts effecting the

% If one takes an average water temperature fronoitset of emergence in the Wit River (approximatisy
June) to the month prior to the first observed-iinstar nymphs (approximately 15 August) an averafy9.7°C
+0.531°C is calculated. As such 10°C is a goodrest for determining egg development time in thatevi
months when oviposition was observed.
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confidence of the regression analyses or alterglgtizs a result of colder water temperatures imclrr
in the Elandspad and Molenaars rivers comparelet&erste and Wolwekloof rivers leading to slightly

shorter egg development times and therefore mdhgiearlier hatching dates (see Chapter 5)
Growth

Using regression gradients of the second generatibiort, the rate of incremental size increases in
HCW could be compared between species and sitesploanicercella(Fig. 4.5). Differential rates of
size increase were noted first according to spewiits A. flabellataexhibiting a faster rate of increase
in comparison to bothA. scutataand A. barnardi, the latter two species revealing similar rates of
increase. WhereA. scutataor A. flabellata occurred in contrasting sites, colder rivers showed
marginally faster rates of growth (Fig. 4.5) in tast to what was observed far penicillata
Maximum head capsule sizes at emergence were dgremailar for each species and across rivers,
but on the whole the mean HCW measured for eaclciegpdrom each of the rivers showed
considerable variation from the months of April @mds (Table 4.7). It is suspected that this vanmti

IS as a result of both a dramatic increase in draamd also differential growth exhibited by malesl a
females of each species. The effects of sampliry dow sample sizes) and larger females owing to
sexually dimorphic growth might have biased caltofes of monthly means. Sexual dimorphism in the
adults of several species @éfphanicercellahas been reported by Stevens (2009). This sexually
dimorphic growth appears to coincide with the orded) the first negative thermal regime shift lre t
year (March) - linked to changes in photoperiodfsraday length as a result of the March equinox in
the Southern Hemisphere (approximately 20 Marckg (debeker 1971a, 1971b, Shama & Robinson
2006), b) increased food supply from autumnal fakf(see Kinget al. 1987, Stewart & Davies 1990)

and c) winter high flows and spates.

The differences observed between the regressiatiegita of the first and second generation cohorts
(Fig. 4.5) were considerable. Regression gradienthe first generation (growing over winter: Ao
September) were five to seven times steeper incHwe of theA. scutataboth in the Wit and
Wolwekloof rivers than that of the second generafgrowing over spring, summer and early autumn:
September to April). Similarly, the regression geats of the first generation were three timestasys

in the case oA. barnardiin the Rooi-Els Kloof River and twice as steepthie case ofA. flabellata
from the Eerste, Wolwekloof and the combined Mo&sand Elandspad rivers, than that of the second
generation for these species respectively. Thiketadifference between the rates of size increase
suggested that growth was slower over the warmeogeeof the year following hatching and that with
the onset of colder temperatures and various additicues, the rate of growth increased rapidIyl unt
emergence. This is pattern is somewhat similahéogrowth recorded by Brittain (1973) for a fairly

closely related species from the Northern HemispheamelyNemoura avicularisThe numbers oA.
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scutatain the samples collected from both the MolenaadsEandspad rivers were too few to provide

meaningful regression results.

GLM's revealed a relationship of growth and tempeeain stark contrast to that observed kor
penicillata For Aphanicercellaspp. the trend in growth rate suggested that kigiy@wth occurred at
colder water temperatures (<11.5-14.5°C) and lowesivth at higher water temperatures (>20.5°C),
with generally good growth observed for temperatdess than 16°C. This pattern typifies the broad
labeling of this insect order as "stenothermic" Kikcet al. 2004). More specifically, it lends further
ecological support to the notion that this genugimated in the cooler climates of Gondwanaland and
has possibly retained ancestral ambient temperaég@irements, thus remaining in cooler montane
refugia, (McKieet al. 2004, Day 2005, Stevens 2009). The growth pattermslation to temperature
evident in the GLM outputs are consistent with disparity observed in the regression gradientfief t
first and second generations in Fig. 4.5. As growthigher at colder temperatures associated \Wwih t
onset of autumn and winter along with higher wirftews and increased food supply, it makes sense
that regression gradients measured for larger sigetphs for this part of the year are markedly high
and also more variable. Conversely smaller regrasgiadients resulted from slower growth of small
individuals at higher suboptimal temperatures egpeed from roughly spring through to autumn

(September -April).

Lowest growth rates were observed at temperatupesea20.5°C, which could suggest an upper
temperature tolerance of approximately 21-22°CAphanicercella This estimate links closely with
the critical thermal maximum and lethal temperauseesented by Dallas (2009) (estimated 240hour
LTso= 20.7°C for a closely related spechgshanicerca capensisand also with the results of the egg
development experiments presented in Chapter Schvdihowed a decrease in the percentage hatch of
eggs ofA. scutataat water temperatures of just 15° and 20°C whenpeoed to that recorded at 10°C.
Brittain (1973) also showed in laboratory experitsewith Nemoura avicularis that temperatures of

20°C and above for any length of time were unfaable.

Similar to results observed far penicillataof the variables included in the GLM, water tengere
was shown to have the most obvious effect on growith the effect of flow on growth showing only a
weak trend of marginally better growth at highemfs. No distinct trends in growth were observed for
the remaining physicochemical variables apart fegrdO concentration, which interestingly showed a
slight decrease in growth at super saturation $y=L00%) probably owing to the fact that these
concentrations only occur during spate conditiond b) relatively small channel width for which
highest growth was observed at intermediate chamitths of 7-8.5m more common to upper reaches

of rivers and mountain stream zones.
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Abundance/mortality

Numbers of individuals from the three speciegphanicercellavere considerably lower in all streams
than those observed fdr. penicillata. In rivers where more than one species occurred (bay
Wolwekloof River where boti\. scutataandA. flabellataoccurred), often one species dominated and
occurred in higher numbers than the other. In sildumstances too little data were collected orewer
available to make inferences about the possibditynterspecies competition, or functional feeding

groups in relation to resource partitioning anddtailability of food resources in the respectivers.

Measures of abundances Aphanicercellawere confounded by a prolonged period of recruitnge
three months in the case of thescutatain the Wit River andA. barnardiin the Rooi-Els Kloof River)

of early-instar individuals into the populationsaach river, possibly as a result of the relativelyy
emergence periods exhibited (up to four monthskHey different species. For this reason monthly
abundances appeared to increase for a large paribe total life cycle, while on the whole compére

to L. penicillataandC. ambulanslow numbers were collected each month

An interesting finding was that highest total nunsbef individuals ofAphanicercellawere present in
the samples from the Wit River (these being indiald of A. scutatd This was in contrast tb.
penicillata which occurred in lowest numbers in this river pAssible explanation for this apparent
anomaly lies in the fact that penicillatacould have faced lower hatching success of egdsgaer
temperatures experienced over the summer monththanWit River. This in conjunction with
subsequent mortality, owing to the exposure ofigimg nymphs to spate conditions, could resultnn a
overall decreased population size. In contfasscutataa) had an extended emergence and prolonged
recruitment period over an entirely different pafrthe year and as such eggs would not have afi bee
oviposited into the same (potentially unfavouralde)ditions, thereby reducing the mortality of garl
instars nymphs, and b) avoided unfavourable flowdd@mns and spates associated with winter by
emerging as adults over this period and survivin@ggs attached to stones in the stream (Chapter 5)
Additionally as the Wit River was in fact the codtleiver over the winter months, such cold condgio
would have in fact been more favourable for grovethd also hatching success of eggs of

Aphanicercellasee Chapter 5).

4.4.3 Chimarra ambulans

In contrast to the life cycles exhibited hy penicillata and the three species Aphanicercella the
trichopteranC. ambulansshowed a non-seasonal or asynchronous cycle, mitkiple, overlapping
generations occurring within the period of a y&ére voltinism or number of generations produced in
year by this species was found to vary amongsstingy rivers in accordance to site groupings based
on flow and temperature. Data suggested that umeglbivoltine and even trivoltine life cycles wer

exhibited by representatives of what has been slgemetically to appear to be a single species (see
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Chapter 3). The life cycle characteristics in stisdy are in accordance with the preliminary lijele
observations of Ractliffe (2009) for an unidentifigpecies oChimarrain the Molenaars River (most
likely C. ambulans They also correspond with observations made bwl8s & Allen (1992) of
bivoltinism and potentially trivoltinism for two aely related species, also within the ge@hsnarra,
namelyC. aterrimaand C. obscura.Univoltinism has been recorded for other specie€luimarra
from the northern latitudes (Williams & Hynes 19'Farker & Voshell 1983), while bivoltinism has
been observed in parts of southern North Amerienk® 1984, Parker & Voshell 1982).

What appeared to be univoltine cycles were obsenvetde coldest rivers namely the Rooi-Els Kloof
and Eerste, while potentially bivoltine cycles weséibited in the warmer Molenaars, Elandspad and
Wolwekloof rivers. In the warmest river, the Wiwever, an additional generation over summer was
thought to be observed and a trivoltine cycle waspscted. While caution should be taken when
interpreting voltinism and the degree to whichsitaffected by factors (such as temperature, flow,
photoperiod and food), several examples exist wHergility in the number of generations per year
for certain species have been attributed mainhthtermal differences (Ward & Stanford 1982).
Determining the degree to which each of these factdfects voltinism is difficult but remains
necessary in life-history studies concerning thihptera (Bowles & Allen 1992). Based on the
findings of this study, differences in thermal ragiseemed the most likely and obvious factor dffgct
voltinism in this species. Nevertheless it showdemphasised that the interpretation of the liftemy
data and voltinism for this species in particukamains speculative, as the growth of cohorts coatd

be followed individually.

Monthly measurements of HCL revealed the clear embistent separation of individuals into five
mean size classes, within monthly samples from @ddhe six study rivers. These five size classes
were interpreted to represent five larval instansthis species. While no data exist in South Asfric
regarding the life-history or number of larval st of this species, these findings are also sirtila
those made by Bowles & Allen (1992) for two othpeaies ofChimarra C. atterimaandC. obscura,

for which five larval instars were also reported.
Emergence

Larvae were observed to decline rapidly in numivétk the onset of winter spates and the first flow
regimes shifts. This response appeared more cldisélyd to changes in flow as opposed to regime
shifts in temperature, which occurred earlier inrtha In the rivers that experienced a higher nunatber
regime shifts in flow over winter, larvae were lalygabsent from samples, barring a few individusls
different instars. In the Molenaars, Elandspad Radi-Els Kloof rivers which experienced fewer flow
regime shifts, few larvae from a range of instaesenpresent over late winter to early spring (Atgus
October). While the majority of these larvae werdhieir later or final fifth-instar stages, thegalfngs

suggest a) the possibility of a quiescent or pspage over winter in order to avoid unfavourabdsvfl
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and thermal conditions and b) that this speciesvsheery little larval growth over winter but thdtet
growth of larvae does nevertheless occur (see H{@é8, Bowles & Allen 1992). During these periods
larvae recruited late in the season remain in tteas, experiencing slow growth in their late-imsta
stages. Some larvae of several trichopteran spesnesin in this fifth-instar stage within a pupabking
over winter and emerge only with the onset of warmvater temperatures in spring. In this study
evidence of a pupal stage during winter in thiscersewas observed (visual observations made during

sites visits) but pupae were not collected or dfiadtfor life-history analyses.

Following unfavourable winter conditions, the fielults emerged towards early spring (September-
October) in the Molenaars, Elandspad and Rooi-H®kKrivers. These were assumed to be the adults
of the slow growing or quiescent larvae that rerdinn the rivers over winter. In rivers that
experienced a later thermal regime shift in spiigptember, October) owing to higher flows over
winter (namely the Eerste, Wit and Wolwekloof risierfirst emergence of adults was also noted later
(in November, October, and December respectiveélyius emergence of adults after the winter

quiescent/pupal stage appears to be thermally cued.

Hatching

Hatching in this species appeared to be continusxisnding over much of the emergence periods for
which adults were observed even over the warmesthmof summer. As such, no egg diapause was
suspected in this species and thermal threshotdsgfipdevelopments were suspected to be higher than
those expected df. penicillataand Aphanicercella These observations were confirmed through egg
development experiments (Chapter 5). In generahinag was observed from late-spring to as late as
early-autumn. The specific onset of hatching inhedeger however was closely cued to a combination
of the abating of winter/spring flows and the onsktvarmer water temperatures (>18°C) following
winter. Hatching occurred later in the colder REts8-Kloof and Eerste rivers and earlier in the warm
Molenaars, Elandspad, Wit and Wolwekloof rivers.isTrs likely as a result of the fact that a)
overwintering larvae would take longer to develod amerge in these colder rivers thus giving rise t
population increases later towards late-spring @amdmer and b) that eggs developing at lower water
temperatures were shown to take longer to hatclafteéh 5). Similar observations were made by
Cudney & Wallace (1980) for a Northern Hemisphepecies of the same genuS, mosleyi.
Additionally the recruitment period was observedltsely track both water temperature and flow. The
duration of the recruitment period appeared to tweemed to a larger degree by flow as opposed to
water temperature. This was suspected becaus@ghedgative thermal regime shifts in March were
not observed to halt recruitment, but rather réoreint was halted later in May and June with thst fir
flow regime shifts. ASC. ambulansare net spinning caddisflies, high flows and sgataditions would
prove detrimental to feeding as the flows wouldidie fast for net structures to remain in position f

any given period of time.
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Growth

Growth with regards t€himarrarefers to the size increase between instarsdagdaoal cohorts could
not be tracked through time. GLM's revealed thatgn between successive instars remained fairly
constant at temperatures above 14.3°C to tempegtueasured above 21.5°C (max. 7-day moving
average of 27.8°C recorded for the Wit River). Ehdata suggest a wider optimal thermal range for
growth of C. ambulansvhen compared to both penicillata and Aphanicercellaspp. Having a less
conservative or phylogenetically constrained lifstdry involving noticeably shorter generation time
and fewer larval instar€;. ambulans may have been able to adapt more readily to wamader
habitats over time (this is discussed further i fibllowing chapter and Chapter 7) when compared to

the other two more conservative study species.

Additionally the optimal thermal range fa€. ambulansencompasses substantially higher water
temperatures, suggesting preferential growth inmearwaters. This is emphasised by the fact that
growth between instars was shown to decrease belmperatures of just 14.3°C - a temperature at

which L. penicillataandAphanicercellaboth show good growth.

The higher range of temperatures observed for aptingrowth ties in with results of the egg
development experiments which showed successfahimgt occurring at a wide range of temperatures
from 10°C to as high as 25°C. These findings ameschat in accordance with the results obtained by
Dallas (2009) and Dallas & Ketley (2011) regardihg LTso and CTmax limits for this species. Their
studies revealed a 96 h {ltemperature of 25.5°C and a median CTmax valud26€C, while the
extrapolated 240 h Lsp was estimated to be just®@® The estimated 96 h Ldis just higher than the
temperature at which hatching, though a low pesgmtstill occurred in this species (Chapter 5¢ Th
240 h LT, value on the other hand is well within the randetemperatures observed for optimal
growth in the species. Collectively the GLM resutsl egg development experiment results presented
in this thesis appear to contradict the extrapdl@40 h LT, of 19C calculated by Dallas & Ketley
(2011) forC. ambulansFindingsin this thesissuggest that the results of the 240 hddre in fact an
underestimation, with the results of the 96 hsddeeming more probable. Further long-termsd.T

experimentation such as that presented in Chapteutd however be needed to confirm this notion.

GLM's revealed that while mean monthly flow waswhdo have little effect on growth, low flows of
between 0.65-0.85is vyielded the highest growth estimates coincidimi¢h warmer months of
summer. These flows might also reflect an optimamge for net construction, where higher flows
would be destructive. It should be noted that tege in mean monthly flow values incorporated into
the GLM are quite a lot lower than the range inellidor L. penicillataand Aphanicercella This is
owing to the fact thaC. ambulanswvas largely absent from samples collected ovemtméer months

(perhaps also related to net construction and thieoptima for growth), providing no growth data for

127



Chapter 4

the higher flow conditions included for the othpesies. Growth estimates were largely unaffected by

the remaining physicochemical variables.

What is not addressed by the GLM is the rate atkvthis species progresses through the larvalrfista

from egg to adult in the respective study sitestargrate may change significantly with temperatur

Abundance/mortality

The total abundances of individuals ©himarrain each of the study rivers appeared to relatdé¢o
grouping of sites based on both thermal and flota.d€older rivers (Rooi-Els Kloof, Eerste, and
Wolwekloof), regardless of the magnitude and nunflosvy regime shifts, were associated with lower
total abundances and fewer generations within #ar.yAs lower temperatures persist for longer
periods in these rivers, the development of eggsadsas the growth of larvae would presumably be
slowed leading to a slower rate of adults emergingting and laying more eggs. Smaller populations

could therefore be expected.

Highest numbers were observed in April and Maynhaist rivers, this could represent an accumulation
of individuals over the recruitment period in comddion with several environmental factors, such as
optimal flow and thermal conditions for growth aslias food availability (this following the influsf

leaf litter, suspended particles as well as uliiree fbenthic organic matter (UFBOM) in late

summer/autumn).

The monthly abundances show sharp declines comgidith the onset of high flows and spates. As
flows abated in each of the rivers and higher teatpees allowed for rapid development, recruitment

was initiated and abundances rapidly increaseé\asal generations began to develop.

4.4.4 Sampling limitations

A sampling interval of one month was used in thiglg. This interval was decided uparpriori with

little knowledge of the ecology of the study orgam$ (e.g. hatching/ recruitment periods, larval
instars) and also owing to logistic limitations r(gde processing time, cost of sampling trips).
Estimates unless stated otherwise were therefarerate to one month only. As mentioned several
times in this study, mortality rates and monthlyiatlances should be interpreted with caution as they
indicate only the numbers of animals on the surtddbe substrate and it is likely that this wobklve
been influenced by timing of sampling relative fmate conditions. This is especially relevant for
samples collected in winter where abundances weresto vary greatly between species and rivers. It
IS possible that certain species took refuge ipeesubstrate during these periods to avoid unédler
conditions. For instance, a study by Schael & K@@05) utilizing a different sampling techniqueofki
sampling using a 250pum mesh kick net that samplestibstrate to a greater degree) revealed much

higher numbers of Plecoptera, specificalghanicercella,being sampled from riffles for the Eerste
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River than was obtained in this study. Conversélyugh, far fewer numbers of other taxa were
obtained by them, including the trichopter@mimarraspp and the mayfly. penicillata As such each
sampling method has its advantages and disadvantage in this study a modified method was used
that was considered to be practical, time effigiestdndardized across all streams, allowed for the
successful collection of first-instar nymphs of gflecies studied, and was shown to provide suitable

numbers of each target taxa to produce meaninifdthistory plots.

Differences in the numbers of individuals collectetween sites of certain species were therefare no
considered to be primarily an artefact of sampliexcept with the possible exception of June where
spate conditions affected sampling protocol) bthaaa true representation of differential abuneéanc
at each of the sites. This does not discount thehpadistribution of aquatic organisms commonly
observed in rivers, both along longitudinal grateamd within river reaches and even within a djmeci
habitat. It is possible therefore that samplingdrtanied at different locations at each of the stuindgrs
may Yield contrasting results to those presenteel. it it should be emphasized here that the sobpe
this study was aimed only at investigating and i@sting the life-histories of these species, in a
comparable manner, in a number of rivers incurdiffigrent thermal and hydrological regimes. It was
not the aim to assess community responses orititerli responses within differing zones of eacleriv

It is for this reason also that the sampling ofyahk riffle habitat was undertaken in each river.

A problem relating to the sampling period was imedrin that the data collected for thphanicercella
spp and.. penicillatacovered only portions of each of the two generatifound in the samples and as
such two separate generations were sampled. dc@mmended that future studies that intend to focus
on the ecology of these species utilise data ftasdtudy, so that sampling commencement date will
coincide with the emergence or hatching of the igged his will allow for a more complete picture of

growth over time for a single generation to be vlatd.

Collection methods implemented for collecting widgadults were found to be suboptimal. While
emergence traps were initially designed, constduated installed at each site for this study, theyew
soon found to be ineffective for passive samplind were consequently damaged by high flows (and
gale force winds), as well as curious fishermen laadgboons. As such these emergence traps were not
used any further and are not reported on in thislystWinged adults were not collected fior
penicillata during the sampling period. These adults were scara only one historical record of
collection from the wild exists (Barnard 1932). Father species numbers of individuals collected by
sweep nhetting and active searching yielded low rersibAdditionally the numbers of black wingpad
nymphs in samples were generally low and while tleyghly indicated the onset of emergence, the

relative numbers did not provide the best estirohtbe timing of peak emergence.
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The role of temperature in egg development

130



Chapter 5
Summary

Data relating to the egg stage are often overloakdife-history studies of aquatic insects, yeisth
stage comprises a crucial component of the lifeshjscycle and is suitable for experimental tesiimg
laboratory conditions. An understanding of the sgge, including egg development time and hatching
success, is necessary for the correct interpretatidotal life cycle duration, timing of emergenaed
hatching, population size and also environmentait$i for successful development. Where such
information can be collected through experimergatihg in the laboratory, in conjunction with field
experiments and life-history data it can provideealth of fundamental information necessary for the
establishment of conservation guidelines, whilemiog a platform for further studies on aquatic
ecosystems. In this chapter, the sublethal effectsater temperature on the egg stage of eacheof th
target genera (specifically egg development tiraagih of the hatching period and hatching success)
were investigated via experiments conducted unaoietralled environment conditions in the laboratory.
Eggs of each genus were collected and monitordg alasix incubation temperature treatments from 5-
30° C. Total development time required for 50% lué £©ggs to hatch, hatch success, length of the
hatching period, upper and lower thermal limits flmvelopment, as well as thermal reaction norms
were calculated for each of the study genera. Bnapis of the eggs taken every five days via aaligi
camera mounted on a compound microscope also aldarevisual comparisons of embryogenesis
between the study genera to be made. Water temperaffected the development of eggs of three
genera quite differently. Experiments revealed thatcessful egg development and hatching occurred
between 10-20°C fdt. penicillatg with a high percentage hatch (80%) at 10, 1520%dC treatments.
For A. scutatasuccessful hatching occurred also between 10-266tGvith reduced hatching success
(~30%) at 20°C compared to ~80% hatching succed® a&nd 15° C treatmentSor C. ambulans
successful hatching occurred at a wider rangeropésatures from 10-25°C but with lower and more
variable hatching success at all temperatures ggeehatching success ranged from 5-20%). Thermal
reaction norms in conjunction with egg hatch patanseshowed thdt. penicillataand particularlyC.
ambulanswere warm adapted, while ti#ghanicercellawas cold adapted. Overall, the data presented
in this chapter allowed for a more accurate inefgdion of the life-history data presented for
penicillata, A. scutataandC. ambulandrom each study site (Chapter 4). Lethal thernmait$ for egg
development along with the sublethal effects of gerature on hatch success provided valuable
information that can be used to inform the esthbiisnt of thermal guidelines for the Ecological
Reserve. Thermal reaction norms for egg develophmeabnjunction with morphological descriptions
of the eggs provided useful insights into the etiohary history (discussed further in Chapter 7),
thermal origins/preferences as well as the oviposibehaviour of each species. Descriptions of-firs
instar nymphs were also used to confirm the presenfdirst-instar nymphs in samples collected from
the field that informed life-history data (Chap#gr
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5.1 Introduction

Studies concerning the life-histories of aquatseirtts commonly employ the regular sampling of larva
over the period of a year, to estimate parameteish sas total development time, growth,
recruitment/mortality, the number of generations year (voltinism), emergence date/flight period of
adults, the date of oviposition and also the ddtéatching (giving an indication of dormancy or
diapause period of eggs - a resting stage providingechanism for evading unfavourable conditions)
(Hynes 1970, Jackson & Sweeney 1995). While this@gech is useful in providing a general overview
of the factors influencing phenology and voltinisinjs however often, as a result of fairly coarse
sampling intervals used (e.g. monthly sampling)y @ble to provide a rough estimate of the tota eg
development period, egg dormancy and also subsebath dates of first-instar larvae. In some cases
a coarse or irregular sampling interval can leadrta@trtificial hiatus being observed in life-histatata
between the emergence of adults and the occuradrearly-instar individuals, which in turn can lead

to an inaccurate interpretation of the egg devekameriod.

Additionally, many life-history studies suffer fromnaccurate predictions of egg diapause and the
inability to verify the number of larval instar® $ome cases inadequate sampling methods for smalle
early-instar nymphs (e.gtilising a collecting net with a large mesh sizaj lead to a major source of
error (Suter & Bishop 1980), where the absenceyofpphs from samples can be incorrectly interpreted
as egg diapause, when actually there may be imteekéching. In such scenarios the newly hatched
nymphs may in fact hide deep within the substrat@pging normal sampling methods (Brittain 1982),
resulting in misleading interpretations of life & Elliott (2009) highlights this fact and sugigethat

more quantitative data on the egg stage and nynipsiaks are required in life-history studies.

The egg development stage, the least understoogarmnt of life-history stages (Clifford 1982), is
commonly excluded from studies of life-historiesyflds 1970). Yet knowledge of the egg stage is the
key to a more accurate interpretation of life-hig® as it plays a major role in a) the regulatidén
voltinism and synchronisation of life cycles (Baitt 1990), b) the timing and length of recruitment
periods of new cohorts (Butler 1984), c) contr@lpopulation size and distribution as a resultaith
success under different environmental conditionfiofE 1988, Brittain & Campbell 1991), d)
determining the distribution of closely related cps in relation to niche differentiation and reseu
partitioning (Elliott 1988, Lillehammeet al. 1989) and e) the ability to relate the cues fopanant

life-history traits to specific environmental cotioins.

Water temperature has been established as beingmtist important factor determining egg
development time (Brittain 1982, Butler 1984, Humsgle 1984, Sweeney 1984, Lillehamnedral.
1989, Pritchardkt al. 1996). Threshold or critical temperatures deteentiatching success and in some
cases the onset and breaking of diapause as wbl dsngth of the egg incubation period (Ellic@72,
Humpesch 1980a, 1980b, Ward & Stanford 1982, Lillemeret al. 1989). Critical thermal limits for
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egg development give a good indication of the tiofeyear suitable for oviposition and egg

development and effectively predict a range of terafures suitable for the growth of nymphs.

Generally lower temperatures result in longer dgwelental periods and can lead to a longer or
extended hatching duration or diapause, while ffexteof photoperiod in the majority of studies has
been recorded to have no effect on egg develop(htemhpesch 1980a, 1980b, Brittain 1982, Suter &
Bishop 1990). For the Ephemeroptera, the overaieaof suitable developmental temperatures for the
eggs of several species is wide, extending onlwéah 5 and 10°C in some species, while in others
hatching is observed over a broad range from 12°teérmperatures as high as 36°C. Moderate to high
percentage hatches are commonly observed at tetupg=aas high as 15-25°C but Brittain (1982)
states that, in general, eggs of Ephemeroptera (dastly from the Northern Hemisphere) hatch at an
optimum between 3°-21°C. Similar ranges for sudoé$mtching of eggs have been proposed for the
Plecoptera (also largely from the Northern HemisphéHarper 1973, Brittain 1990). However the
eggs of many plecopteran species show low percertiatches at temperatures of 20°C and above,
with high percentage hatches observed at temperats low as 2 to 10°C and optima estimated to
occur between 10 and 15°C (Brittain 1990). Lessrmftion is available for Trichoptera but a few
studies on univoltine species from Europe (Wag®&61 Hildrew & Wagner 1992, Enders & Wagner
1996) have indicated a range of temperatures (leet®e20°C) for successful egg development, similar

to those observed for the Ephemeroptera and Plereopt

For most aquatic insects, the hatching of eggspitmom conditions generally occurs over a short
period, while for several species, egg diapausebeas noted during suboptimal conditions in both
summer and winter periods (Harper & Hynes 1970,d4yh970, Brittain 1975, Pritchaed al. 1996).

In many species of aquatic insects the relationbbigveen water temperature and the developmental
time requirement to hatching (commonly measureldégree Days (DD)) can be described by a power
equation (Brittain 1982, Humpesch 1980a, 1980b41B8itcharcet al. 1996). Using these equations as
well as inferences from regression analyses oktkesiations, namely the slope of the average osacti
norm, egg development parameters of species watklwan be compared, providing an index of

adaptation (Pritcharet al. 1996). This in turn allows for interpretation witran evolutionary context.

Relatively limited work has been carried out gldpain the egg development stage of aquatic insects
(Brittain 1982, Butler 1984, Elliott 2009). Whileare information is available for several Northern
Hemisphere species of Ephemeroptera and Plecoptedato a lesser degree the Trichoptera,
information from the Southern Hemisphere is stifuse, with works emanating predominantly from
Australia and New Zealand (Brittain 1995). Onlyamdful of studies have been carried out on the life
histories of aquatic insects in South Africa (Kih§82, Palmer 1997, Ractliffe 2009). Moreover an
extremely limited number of articles (Begemann 1986 Moor 1982, de Moor 1989) have been

published on egg development times of South Afr@guatic insects (mostly Simuliidae). Moreover, A
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broad overview of seasonality in some Southern ldph@re aquatic invertebrates was provided by
Hart (1985). Chapter 4 of this thesis comparedHiftories of the same representative aquatic iasec
across six rivers in the Western Cape - each othviexhibit differing thermal and hydrological

regimes.

Eggs collected from populations of aquatic inskat tnhabit sites which exhibit differences in suenm
temperature (i.e. differences over the period oipasition and egg development) are likely to
experience subtle differences in the DD or timaunement for egg development and subsequent hatch
date. In turn these differences in egg developms&hich may not have been detectable in the life-
history data (Chapter 4) owing to the relativelyais® sampling regime utilised in the collectiorthe
data, may be responsible for the site-specificedifiices observed in the life-history data for times

species.

The aims of the present study are to: 1) presetat da egg development times, with notes on the
progression of the embryological stages for threecies of aquatic insect from South Africa; 2)
provide experimental data on egg development tuneler different temperature treatments to enable a
more accurate interpretation of life-history datdlected for the same insect species from several
different rivers (where each experiences differthgrmal and hydrological regimes); 3) to detect
thermal limits to egg development and 4) to interphese egg development data within the context of

thermal adaptation and evolution of life-historgits of aquatic insects.

5.2 Methods
5.2.1 Field sites

Eggs ofL. penicillatawere collected from females ovipositing in the niédataches of Window Stream
in the Table Mountain National Park, South Afri€ag( 5.1). This site was not used for the collattio
of life-history data but its proximity to the Uningity of Cape Town and the abundancé openillicata

at the site made it a suitable site for the calecof eggs. Window Stream is a first-order perahni
mountain stream rising on the south-eastern slopdable Mountain. Much of the upper and middle
reaches of this stream have a dense canopy cav@ded by patches of indigenous forest. The stream,
along with several others emanating from the slgfdsable Mountain, is largely groundwater-fed (see
Harriset al. 1999), is unregulated and undisturbed apart franomwater extraction, and experiences
fast cascading flows during the winter rainfall rti@nof June-August (in contrast to very low flows i
the summer months of December-February). Over #ak @of summer, flow may be limited to the
rhithron or subsurface regions which often give itie and feed several small pools. The substrate is

comprised primarily of medium to large cobbles hwititches of bedrock and gravel.

Low numbers of eggs af. ambulanswvere initially obtained from adults collected frahe Window

Stream site (see Appendix 5A for details of egdention) but the eggs used in the experiments were
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instead obtained from adults collected from thenB&pad River (Fig. 5.1). See Chapter 2 for a aetail

description of the Elandspad River site.

Eggs ofA. scutatawere collected from gravid females in the fieldnfr the upper reaches of the Wit
River near Wellington, South Africa (Fig. 5.1). S@lkapter 2 for a detailed description of the WidRi
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Fig. 5.1.Map showing a portion of the Western Cape of Sd\tita indicating the location of rivers
(black lines) and collection sites (closed bladiles) from which adults and eggs of the threeystud
species were obtained.

5.2.2 Egg collection

Eggs ofL. penicillata (Ephemeroptera)). scutata(Plecoptera) and. ambulangTrichoptera) were

collected from wild-inseminated females using aietgir of methods detailed in Appendix 5A.

Unsuccessful attempts were also made to obtaiilided eggs ofL. penicillata, through artificial

fertilisation procedures (see Appendix 5B).
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5.2.3 Laboratory procedures

For each species eggs were sorted in the laboratodgr a dissecting microscope, counted
separated into 24 petri dishd$hese were subjted to constant temperatures5, 10, 15, 20, 2'and
30°C with four replicate dishes at each temperaturenreat (Fig. 5.2).Petri dishes containing eg
(50-200 forL. penicillatg 150600 for A. scutata and 100-500 foC. ambulan — see Appendix 5C,
5D, 5E for details) were filled with approximated@ml of filtered (60um) and aerated tap water
had circulated for at least 48h through a reserspiitem with a biological filter at the Universiby
Cape Town. The water in the reservoir systemcirculated continuously and was only topped up
tap water about once every two weeks, allowing @ages of fluorine and chlorine that might

present in the water to be bubbled off prior tangeised to fill petri dishes containing et

A B

Fig. 5.2. Experimental setup showing A) replicate petri dsskentaining fertilized eggs and filter

water floating in water cooled by a Haake glycotevecooler to 5° and B) replicate dishes floating

water heated by calibrated aquarium hee
A Controlled Environment roorfCE room), air cooled to 12°C (#°C) and fitted with full spectrur
fluorescent lights on a 12:12 llght cycle was used to maintain a constant wagenperature fo
replicates at approximately 10°C. Within this seCE room, the remainingeplicate¢ petri dishes were
floated in glass aquarieontaining water heated by calibrated aquariumehnsatet at temperatures
15, 20,25 and 30°C respectively. The water in these tavds gently circulated using airstones linl
to a compessed air supply system to ensure the distribution of heated wateFor the experimental
replicates at 5°C, petri dishes were floated iargd crate containing approximately 30 litrd water
that was thermostatically control by means of a cdlrated Haake Glycol Water cooler. The wate
this crate was also circulated and aerated usingirstone linked to compressed air supply sys
Replicates at 5°C were also housed within the <CE room along with the other replica.

Prior to the cmmmencement of the experiment, the temperatureshef donstant temperatt

experimental treatments weresassed and calibrated using HC® TidbiT® v2 water temperature
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loggers (Onset Computer Corporation 2008). Calibnafigures for these temperature treatments are
shown in Table 5.1. The water in each replicatén dims replaced daily for the duration of the

experiment, so as to prevent as far as possibleuite-up of unwanted or harmful algae and fungi.

Table 5.1. Summary of water temperature data collected in eddie six constant temperature experimental
treatments. Water temperature data were colledt&8 eninute intervals for a period of 25 hoursdalibration (n
= 1500).

Experimental incubation temperature treatment
5°C 10°C 15°C 20°C 25°C 30°C

(Regulated (Regulated (Regulated (Regulated (Regulated (Regulated

by Haake by air by calibrated by calibrated by calibrated by calibrated
glycol water  temperature aquarium aquarium aquarium aquarium
cooler) of CE room) heaters) heaters) heaters) heaters)
Mean 5.38 10.22 15.52 20.50 24.74 29.52
Std. dev. 0.06 0.11 0.05 0.05 0.03 0.12
Min. 5.28 9.99 15.41 20.39 24.67 29.27
Max. 5.51 10.39 15.61 20.58 24.79 29.94
Range 0.23 0.39 0.19 0.19 0.12 0.68

Reference photographs as well as length measursraéntajor and minor axes were recorded for the
eggs of each species (n = 100 for each species) fwibeing placed in incubation temperature
treatment tanks. The measurements of the longebtshartest axes of the eggs were then used to

calculate an estimate of the volume, using the @itam

V = (4n/3)afc = 4.194c (5.1)

whereV is volume,a is the equatorial diameter or minor axis @nd the polar diameter or major axis.
This equation assumes that the egg is indeed symcaleand neither dorso-ventrally flattened nor

ellipsical.

Eggs were monitored daily for the duration of thgpeximent. A Leica DM700 digital compound
microscope was used to take reference photogrdpbggs (~100-200 eggs) every five days from the
start of the incubation period until hatching irder to monitor changes in embryogenesis. After the
first five days the number of unfertilized eggs fiesent) in each replicate dish were identified an
counted (unfertilized eggs appeared an opaque mitkige colour with no signs of development in

contrast to the translucent and more yellow cotifleggs showing signs of development).

The incubation time (in days), cumulative perceatafjhatched eggs (excluding unfertilized eggs) as
well as length of hatch (in days) and number othetl eggs per day of hatching were recorded.
Additionally, the eggs at each temperature treatnjeombined across all four replicates) for each

species were also categorized according to theviolly groupings; unfertilised eggs, eggs that redch
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eggs that showed no signs of development and dichaich, eggs that showed signs of only partial
development but did not hatch, eggs that showediéwelopment but did not hatch and lastly eggs tha
showed deformed development. These numbers weoedeet as proportions of total number of eggs,

including the unfertilised eggs.

After hatching, a small sample (n = 12) of firsstisrs of each species were photographed and mdasure
with respect to 1) body length and 2) an additidradened (sclerotised) body part. Eoipenicillata

IOD was measured, fok. scutataHCW and forC. ambulansHCL*. Different sclerotised body parts
were measured for each taxon owing to vast diffssenn morphology preventing the same measure
from easily being recorded from each taxon — thvemee the same measures used to collect life-history
information in Chapter 4. The number of antennal eercal segments in the casd_openicillataand

A. scutatavere counted.

The number of DD > 0°C (i.e. the temperature ofitlcebation treatment multiplied by incubation time
in days) until mean hatthwas observed in each replicate in the respectivabiation temperature
treatments and was recorded for all species. Eapstivere then calculated that best represented the

relationship between these values and the incub&imperature treatments.

5.2.4 Statistical analyses

It is well established in the literature (see Wardl Stanford 1982, Humpesch 1984, Sweeney 1984,
Lillehammeret al. 1989, Brittain 1990, Pritcharet al. 1996) that for aquatic insects that are not within
a state of diapause, the tinig) (n days required to complete certain stages eéld@ment (in this case
the egg development stage) decreases with incgeasimperatureT). Note that this relies on the
underlying assumption that the temperature remaitisin the physiological limits of the insect. The
relationship of this time requirement to temperatis in most cases well represented by a power

function:

D=aT’ (5.2)

Where a is the average development time at 1°C &mel exponentb is the rate of change in
development with temperature changbs<(0 for insect development). Aquatic insects thaveh
evolved different life-history responses in relatto thermal characteristics of their local enviramts,

or as a result of phylogenetic constraints are eggeto show a shift in the average reaction norm
represented by equation 5.2 (Pritchar@l. 1996).

% Body parts were measured in order to relate the @i first-instar hatchlings obtained in the laitory to the
smallest individuals of the same species colleatesionthly field samples so as to verify the preseaf first-
instar individuals in the life-history analysestbése species (Chapter 4).

% This refers to when 50% of the eggs that succlgsfatched at a given temperature treatment héchkd.
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In equation 5.2, the time for development (days) loa replaced with a more biologically meaningful
measure commonly referred to as Degree Days (DBjergially a thermal sum relating to
physiological time. DD can be explained as the datiue temperature experienced by an organism
above a certain threshold temperature for developiiie cases where this developmental threshold is
not known for a specific organism, cumulative terapgre above 0°C is normally measured). When
development timel¥) above 0°C is measured at a constant temperagagrient, as is the case in this

study, the DD or thermal sum is expresseBasEquation 5.2 therefore becomes:

DT =aT® (5.3)

In order to use linear regression to analyse #lstion one can employ a logarithmic transformation

such that equation 5.3 is now written as:

In(DT) =Ina+bIn(T) (5.4)

Using the above regression method, Pritcledral. (1996) analysed the slope of the population awerag
reaction norm for egg development in 95 species5 (pbpulations) of Plecoptera, Odonata,
Ephemeroptera and Diptera. Importantly though,dteghors point out that at temperatures where DD
or days required to complete development, begionaistent increase (after having shown a decreasing
trend with increasing temperature), such tempegatshould be excluded from these analyses as they
are considered to be above the thermal maximum eskldpment for these individual species.
Following this method, Pritchardt al. (1996) used the slope of the reaction norm asndexi of
adaptation, where positive slopes indicated coldptetl species, negative slopes indicated warm-
adapted species and slopes of close to zero irdigpgneralist species. This method was employed to
characterize and compare the egg development dfiftegent orders represented in this study to ¢hos

elsewhere.

Data relating to several hatch parameters (i.eDlbeequirement to mean hatch, the percentage hatch
and the length of the hatch period), for each gsecicross the range of experimental incubation
temperature treatments were summarised to obtaém raed standard deviation values. Wilks Shapiro
tests for normality and Bartlett tests for homoggnef variances showed these data to be non-ndymal
distributed, with unequal variances. As such, mmarametric Kruskal Wallis single factor analysis of
variance by ranks tests (K-W tests) were performeedetect differences in the hatch parameters for
each species across the experimental incubatiopeteture treatments. In cases where significant

results were obtained from K-W tests, ad-hoc Tulyge multiple comparisons, using the Nemenyi-
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Damico-Wolfe-Dunn test (Nemenyi test), were empty¢o ascertain significant differences in hatch

parameters with temperature. All analyses wereop@dd in R (R Core Team 2012).

5.3 Results

5.3.1 Egg morphology

The eggs of the trichopter& ambulansvere the largest (approximately five times theunwd of eggs

of L. penicillatg followed byA. scutataandL. penicillatarespectively (Table 5.2)

Table 5.2. Average length (um) of the major and minor axes] wolume (mm) of freshly oviposited, and
fertilised eggs of three species of South Africgoatic insect (n = 100).

Species Ave. length of major Ave. length of minor Ave. volume
axis (z std. dev.) axis (z std. dev.) ( std. dev.)
Lestagella penicillata 173.20 (4.20) 98.40 (3.13) 7.03x1(D.46x10°)
Aphanicercella scutata 195.39 (11.82) 161.12 (16.19) 21.62%(9.38x10°)
Chimarra ambulans 274.79 (8.66) 186.37 (6.18) 40.015(R.61x10°)

Viewed under a compound microscope, the eggk. gienicillata and C. ambulanshad more of a
prolate spheroid shape than thoseAofscutata,which were almost spherical (Fig. 5.3). With phase
contrast lighting, eggs df. penicillatashowed no signs of an encapsulating substanasortrast, a
gelatinous substance was clearly visible on theraat surface of eggs of both scutataand C.

ambulangFig. 5.3- B and C). No attachment threads wesibld on any of the eggs.

%The use of pairwise Wilcoxon rank sum tests witBamferroni p-value correction (to control for fagivise
error rate) was also a potential option for perfiognmultiple comparisons following significant K-Wésts.
However in view of the trade-offs when using an rappgh as conservative as the Bonferroni correction
(increasing the risk of inducing a Type Il errorsugs reducing the risk of inducing a Type Il ewersus reducing
the risk of inducing a Type | error) a slightly $esonservative Tukey-type multiple comparison wapleyed.
This method was deemed more appropriate espeaidlight of the small sample sizes in question, phesence

of tied ranks and the low number of comparisoniseanade.
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Fig. 5.3. Comparison of the size and morphology of eggs ofLé&tagella penicillata B) Aphanicercella
scutataand C)Chimarra ambulansmages were taken immediately after ovipositioral&dar = 60um.

In the case oA. scutatathe hyaline gelatinous membrane that covered titiecesurface of the egg
appeared to enable the eggs to adhere onto surfacksling glass and perspex. Following the ihitia
contact with water and subsequent submersion,stitistance was observed to increase in size, after
which it began to dissolve and eventually disappdahough the egg remained fastened in place.dn th
eggs ofC. ambulansit was observed that a glue-like and more opamiistance was secreted by the
female during oviposition. The substance appearever the entire egg mass of several hundred eggs

in a single layer forming an oval shape, holdinggiturely in place.

5.3.2 Embryogenesis

Changes in the visible appearance of the eggsalf g@ecies, recorded over the duration of the hatch
experiment, for each incubation temperature treatyrare presented in Figs. 5.4.%.6The images
clearly show the successive stages of embryonieldpment over time, while giving an approximate
indication of the period (in days) from oviposititghatching.

*In each figure, two representative eggs from eaanfiperature treatment are shown side by side apbeified
interval of days since oviposition.

141



Days since oviposition Chapter 5
5 10 15 20 25 30 35 40 52

ES? ISE ISZ 52 32 52 .52 52 52

32 e

512 = 512

Temperature treatment

. i 362 S 12,0 S12 li 512

Fig. 5.4.Successive stages of embryological developmentffereht temperature treatmeni°C) for Lestagella penicillataLateral views. S-S13 denote developmental
stages as defined by Tojo & Machida (1997)Ephemera japonic(Ephemeridae)X denotes no recorded hatch and an empty eggaiseltcessful hatch. The 13 sequel
stages (S) are: S1-Egg Cleavage,B&stoderm formation, -Germ disc formation, S4-Pear-shaped embryoSt@it of invagination of germ band (AnatrepsisS§-S-
shaped embryo (Anatrepsis Ill), $dngest embryo, S-Segmentation of embryo, S9-Proctodaeum format®ikQ-Revdution (Katatrepsis), S-Postrevolution |, S12-

Postrevolution Il and S13-Postrevolution Ill.

142



Days since oviposition

Chapter 5
5 10 15 20 25 30 60 80 105
51 [ p— s1 _ s1 = 51 81 - -1 | 51 81 52 53 a5 50 513
_' \'-. ’ \ %
00000000000 0BPNBF X

51

51 —y
| @@

52 [ —- - 58 . 51 ___ 81 . 81 512 5

13
} o ",_r@_- ;k:\i
" ‘A

Temperature treatment

S‘Ir o 23 51 51 51
-8 S0 E B0V X

Fig. 5.5.Successive stages of embryological developmeniffateht temperature treatmen®C) for Aphanicercella scutatd.ateral views. S-S13 denote developmental
stages as defined by Kishimoto & Ando (1985) Kamimuria tibialis(Perlidae) X denotes no recorded hatch and an empty egg alseltcessful hatch. The 12 sequel
stages (S) are:S1-Germ disc formation. $Patation of sa-like embryonic rudiment. SBifferentiation of protocephalon and protoc. Pear-shaped embryo. S4-
Development of protocephalon and protocorm. Segrtientaf embryo. S5 and ~Embryo sinks inhe yolk and increases in length.Caudal lbecomes prominent. S7-S-
shaped embryo with segmentation visibleorRinent head lobe. -Katatrepsis occurs rapidly. Head of embryo sinkyadlk. SO9When katatrepsis is half finished embi
appears U-shaped atiéds entirely on the surface of the egg. -Embryo enlarge®ccupying two thirds of egg volume. Dorsal closatmost complete and egg toc
formation on frons of head. S1Ekgs and antennae (nine segments) visible-Dorsal closure complete with full grown embryo oegimg entire egg. Pigmenton of eyes.
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Fig. 5.6.Successive stages of embryological developmeriffateht temperature treatmen°C) for Chimarra ambulansl.ateral views. S-S10 denote developmental stages
as defined by Miyakawa (1973) f@tenopsyche griseipenr(StenopsychidaeX denotes no recorded hatch and an empty egg ahmlbcessful hatch. The 10 sequer
stages (S) are: Sflaturation, fertilisation and cleavage.-Blastoderm formation. S&erm disc formation to embryo formation.-Formation of protocephalon. Beginning
of metamerism in protocorm. S5-Embryo longest ia-ngwvolution stage. Abdominal segments visible. Fdiomaof telson and appendages.-Embryo widest in pre-
revolution stage. Abdomen consisting of 10 segmeXppearance of neuropi Formation of proctodaeum, Beginning of ngdt epithelium formation. Differentiation of f
body, mid-gut musculature, and saésophageal body. -Beginning of morphogenetic movement of cephgiathal region. Formation of central body of teitor and
corpra allata. Differentiation of oenocytes. Formatof genital ridges. -Beginning of revolution of embryo. Separate labraliments fuse. Eyes and «tooth visible.
Degeneration of amnion. SSempletion of embryo revolution. Dorsal closure.rfatior of rectal gills. Degeneration of serosa, tentoritangd pleuropodia. Posteri
abdominal ganglia move forward<” @inal) ganglion to # abdominal segment. S10-Completion of head capgute hatching.

144



Chapter 5

While detailed descriptions of the successive stajeembryogenesis in. penicillata, A. scutatand
C. ambulangdo not exist, descriptions of the successive eombicystages for different species within
the same representative orders have however been gy Tojo & Machida (1997), Kishimoto &
Ando (1985) and Miyakawa (1973)

Tojo & Machida (1997) described the embryogenesisfaal embryonic development of the mayfly
Ephemera japonicMcLachlan (Ephemeridae) as consisting of 13 staflesse stages were visible for

L. penicillataand are indicated in Fig. 5.4. At extreme tempeeatreatments of 5 and 30°C only the
first two stages of egg development occurred afteach development ceased. At 25°C development of
many eggs progressed rapidly (though at a ratdtbfiglower than that observed at 20°C) to the
penultimate stage (S12) but failed to reach S13hatch. Other eggs at 25°C either ceased developing

at even earlier stages or were deformed embryos.

For A. scutatathe changes in the embryo followed closely thegpast described by Kishimoto & Ando
(1985) for a Japanese species of ston€fiynimuria tibialis (Pictet) (Perlidae). In total, 12 stages of
embryogenesis were described Kortibialis (Kishimoto & Ando 1985). These stages are mirrded

A. scutata(Fig. 5.5). All 12 stages were visible amongststitat successfully hatched at treatments of
10, 15 and 20°C. In the 5°C treatment, eggs shaxeegslow development; a few eggs reached (S12)
but then failed to hatch. At treatments of 25 af8iC3no development beyond stage S1 was observed

and in most eggs even this initial developmentdetvas not visible.

In C. ambulans,the successive stages of embryogenesis followedptbgression described by
Miyakawa (1973) for the trichoptereéBtenopsyche griseipenriécLachlan (Stenopsychidae). The 10
stages, detailed by Miyakawa (1973), are indicéedC. ambulangFig. 5.6). Each of the successive
developmental stages were observed amongst edgsuitessfully hatched at temperature treatments
of 10, 15, 20 and 25°C, while no development beythedearly stage S2 was observed at 5 and 30°C.

5.3.3 Egg hatch parameters

Full data sets pertaining to egg hatch parametars.fpenicillata A. scutataand C. ambulansare
presented in tabulated format in Appendices 5Cdpeetively. In all species successful hatching of
eggs was observed at the 10, 15 and 20°C incub&tioperature treatments, with no hatching recorded
at the 5 and 30°C treatments. Ehrambulansuccessful hatching also occurred at the 25°Cnheai,
although this was not observed farpenicillataandA. scutataIn all species the incubation period, in

days, decreased with increasing temperature.

% Not all of the sequential stages described byetheevant authors for the three orders indicateféigs. 5.4-5-6
can be seen in sequence for a single temperaeagrent. This is owing to the difference in thegérency of
observations made by these respective authorslyha@ampared to those in this chapter (every 5 dayach
species). Thus some stages were missed and asbawai.
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Incubation temperature was found to have a sigmtieffect p < 0.01, Kruskal Wallis test) on the DD

requirement to mean hatch for all three species Tsdles 5.3, 5.4).

Table 5.3.Summary of the average Degree Days (DD) requiraddan hatch at several temperature treatments
for three species of South African aquatic insicthatch is indicated by —.

Species 5°C 10°C 15°C 20°C 25°C 30°C
Lestagella penicillata - 646.8 340.3 279.8 - -
Aphanicercella scutata - 367.8 387.6 408.5 - -
Chimarra ambulans - 345.4 275.9 252.1 263.3 -

Table 5.4.Summary of Kruskal-Wallis test results for diffecess in Degree Days (DD) to mean hatch, percentage
hatch and length of hatch (days) for three spemfiedouth African aquatic insect among six differerubation
temperature treatments (5, 10, 15, 20, 25, 30).

Species DD to mean hatch % Hatch Length of hatch pied
Lestagella Y n=12= 9.8, Y n=12= 0.9, Y n=12=10.2,
penicillata p < 0.0 p > 0.05 p < 0.0
Aphanicercella Y n=12= 9.9, Y n=12= 8, Yz n=12=10.1,
scutata p <0.01* p <0.05 p <0.01*
Chimarra X2(3’ N =14)— 8.7, X2(3’ N =16)— 0.2, Xz(gv N = 14)= 1.1,
ambulans p <0.05 p > 0.05 p > 0.05

The DD requirement to mean hatch for penicillata and C. ambulansdecreased with increasing
temperatures from 10 to 20°C (Table 5.3, Fig. 5IA).the 25°C treatment, however, the DD
requirement for eggs @&. ambulansstarted increasing (263.3 DD), being on averagatgr than that
observed at in 20°C treatment (252.1 DD). For egf®#\. scutata on the other hand, the DD
requirement increased with increasing temperatiiigs 5.7). Post-hoc multiple comparisons using the
Nemenyi testd = 0.01) revealed that the highest DD requiremémtaean hatch were observed at the
lowest temperature treatments tarpenicillataandC. ambulanswhile the converse held true féc
scutata For all species significant differencgs< 0.01, Nemenyi test) in DD requirements were only
observed for temperature treatments at 20°C cordgaréhose at 10°C. The relationship between DD
requirement and temperature for each species wa%kplained using a power equation (see Fig. 5.9).
Generally speaking, at 15°C treatments, eggs df @idhe species took approximately 20 days to
develop and hatch, with signs of first hatch in 158C treatment recorded for penicillata, A. scutata
andC. ambulansafter 19, 17 and 16 days. At 10°C first hatchesewobserved after 52-63, 33-35 and
31 days for the three species, while at 20°C tFigaees were 13, 15 and 10-14 days.
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The percentage hatch of effpwas significantly affectedo(< 0.05, Kruskal Wallis test) by incubation
temperature only foA. scutatgTable 5.4) which exhibited high percentage hat¢fi&s95%) at 10 and
15°C with a considerably lower % hatch (approxirya82%) recorded at 20°C (Fig. 5.7). Percentage
hatch in this species thus appeared to roughlyedser with increasing temperature. No multiple
comparisons tests for percentage hatch were pegtbforL. penicillataor C. ambulansboth of which
showed no significant differences in the Kruskalli§¥dest (Table 5.4)A. scutatarevealed a highly
significant difference g < 0.01, Nemenyi test) in the percentage hatch miwble 20 and 10°C
temperature treatments, however with no signifiaifierences being observed for 10 vs. 15°C or 20
vs. 15°C (Fig. 5.7).

Additionally, the length of the hatch period (tiftem the appearance of the first hatchling to & |
hatchling) was shown to be significantly affectpd<(0.05, Kruskal Wallis test) only by experimental
incubation temperature treatment for penicillata and A. scutata(Table 5.4). In the case df.
penicillatathe hatch period appeared to be less variableremd synchronous (shorter) with increasing
temperatures, while fak. scutatathe greatest variability in the length of the haperiod (ranging from

22 to 27 days) was observed at 10°C (Fig. 5.7).riibst synchronous hatch An scutatawas observed

at 20°C (average length of 21 days), followed b§ClQaverage length of 25 days) with the longest and
least variable hatch period observed at 15°C (a@eelength of approximately 28 days) (Fig. 5.7). The
length of the hatch period f@. ambulanswhile generally short and synchronous, was highlyable
and showed no trends in relation to incubation enapire treatment (Fig. 5.7). Multiple comparisons
revealed a significantlyp(< 0.01, Nemenyi test) longer length of hatch lfopenicillata at the 10°C
treatment when compared to the 20°C treatment, withsignificant differences observed between
treatments at 20 vs. 15°C and 10 vs. 15°C (Fig. B.7scutatashowed a highly significanp(< 0.01,
Nemenyi test) difference in the length of the hagiehiod between treatments at 15 and 20°C, however

with no significant differences observed amongttremts at 20 vs. 10°C and 10 vs. 15°C (Fig. 5.7).

The proportion of unfertilised eggs in each speam®ng temperature treatments was consistent. The
highest proportion of unfertilised eggs were obsdrinC. ambulangranging from approximately 1 to
8% among treatments), while low to negligible pntijpms (0-4%) were observed for penicillataand

A. scutateamong treatments (Fig. 5.8).

*The figures of percentage hatch presented hereaftt species are calculated as the proportioredbthl eggs,
excluding unfertilised eggs, which successfullychad.
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For C. ambulandess than half of the eggs that showed signs lbflavelopment at each temperature
(10, 15, 20 and 25°C) actually hatched (Fig. 98).. penicillataa high percentage hatch failure was
observed only in the 25°C treatment, where almd®b 6of the total eggs showed signs of full
development (to stage S13) but then failed to héfas. 5.4, 5.8). Additionally, a small proportioh
eggs (~5%), of both_. penicillata and C. ambulansat 25°C also showed signs of deformed
development (Fig. 5.8). In these instances theltneaguembryos were distorted, disproportionate or
considerably smaller than those observed in thranrents at which successful hatches were observed.
A. scutatashowed signs of fully developed yet unhatched exgwell as deformed embryos at 20°C
(Fig. 5.8).

The proportion of fully developed but unhatched :ghowed an increasing trend with increasing
temperature from 10 to 20°C (Fig. 5.8). Howeverscutatawas also the only species for which fully
developed but unhatched eggs occurred in the ¥&ntent (Figs. 5.5, 5.8). Instances of partial egg
development and no hatch were low for each speaiasng all the treatments and appeared to occur
only at extreme temperatures (5, 25 and 30°C) (Eigs5.6, Fig. 5.8).

5.3.4 Thermal reaction norms: degree day requirement to rean hatch

Power equations best explained the relationshipvdst DD requirement to mean hatch and
temperature, and in all species highly significgn& 0.01) fits were observed (Fig. 5.9). Linear 6fs
the log-transformed data revealed negative regnegpiadients (referred to as reaction norms) &3-1.
and -0.46 forL. penicillataandC. ambulangespectively (Fig. 5.9A, C), whil@. scutata(Fig. 5.9B)

exhibited a positive regression slope of 0.15 (5i§).

Following the method of Pritcharet al. (1996), the data relating DD requirement to hdmhC.
ambulansat the 25°C treatment were excluded from the aeslyof thermal reaction norms. This is
because all replicates at this temperature showeith@ease in the DD requirement to hatch when

compared to replicates at 10, 15 and 20°C.
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Fig. 5.9. Thermal reaction norms (Log-transformed relatiopdtetween Degree Days requirement to
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aquatic insect A)Lestagella penicillata B) Aphanicercella scutateand C) Chimarra ambulans
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5.3.5 First-instar hatchlings

Newly hatched larvae d€. ambulan were on average the largest of the three specibawked byA.
scutataandL. penicillata(Table 5.5, Fig. 5.1). While only a small humber of fir-instar hatchlings (n
= 12) of each species were ma@sl, recordewvalues of the cefficient of variation (C.V.) for each «
the body part measurements were generally, indicating a low percentage of variation among &
individuals and thus a reasonable reflection of sirasurements. Mean value std. dev.) and C.V.
for specific measurements, as was body length, of first-instar hatchling$ the three species ¢
indicated in Table 5.5.

Table 5.5.Size of firstinstar hatchlings (= 12) of the mayflyjLestagella penicillatathe stoneflyAphanicercella

scutata,and the caddisflyChimarra ambulan: Mean values (mmpare presented in bold face with stand
deviation in parentheses and C.V. (coefficientariation) values as percenta(

Species Body length Interocular Head capsule Head capsule
P (BL) distance (I0D) width (HCW) length (HCL)
Lestagella 0.36(+ 0.045 0.08(x 0.001) i i
penicillata 12.4% 1.8%
Aphanicercella 0.56(+ 0.052 i 0.14(x 0.001) i
scutata 9.3% 1.0%
Chimarra 1.11(x0.067 i i 0.18(+ 0.005)
ambulans 6.0% 2.7%
L. penicillata A. scutata C. ambulan:
¥

Fig. 5.10. Newly hatched firstastar larvae oiLestagella penicillata, Aphanicercella scut and Chimarra
ambulans.

Further analysis also revealed the existence déar positive trend between average volume and
the average body length of fi-instar hatchlings when comparing each of the spe(Fig. 5.11).
Measurements of the specific hardened body partsatifhlings of each species also confirmed
presence of first-instéhatchling: in samples collected monthly for lifestory analyses (see Chapter
First-instar hatchlings df. penicillate had five antennal segments (including the scapepaulitel),

and four cercal segments. Hatchling<A. scutatahowever, had nine antennal segments uding the
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scape and pedicel) and four cercal segments. Aakermunts were not made f@. ambulansas the
number of larval instars (which can be determingdabtennal segment counts) was established in
Chapter 4.
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Fig. 5.11.Comparison of average body length of first-instatchlings (n = 12) and average egg size (n =
100) for the mayflyLestagella penicillatgcrosses), the stonefgphanicercella scutat#étriangles) and
the caddisflyChimarra ambulangopen circles). Error bars indicate standard dmria

5.4 Discussion

The timing of emergence and oviposition as wellthas duration of egg development, the hatching
period and overall hatching success are cruciabfadn the life-histories of aquatic insects. Late
emergence and oviposition may result in eggs bexgosed to suboptimal or potentially lethal
conditions for egg development (thermal extremkmds), leading to delayed hatching or hatching
failure. This is highlighted by work conducted bgdalada & Peckarsky (2006) who showed that high
stream discharge early in the emergence seasonecbsuitable potential oviposition sites and thgreb
strongly delayed the onset of oviposition in Badlisaudatus (a species which exhibits specialised
oviposition behaviour or non-random selection ¢déssifor oviposition)- a process which the authars i
turn suggested could have strongly affected reomrit. Similarly, premature or delayed hatching may
result in high mortality of the new generation arlg-instar nymphs if they too are exposed to
suboptimal or potentially lethal conditions fordal development (predation, thermal extremes, f#god

lack of food) (see for example Peckars&y al. 2000, 2001). Such adverse impacts affect the
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recruitment and thus the numbers of survivors wikitsuccessfully mate and oviposit in the followin

season — thereby ultimately reducing the potestiatess of a species (Giberson & Rosenberg 1992).

The collection of egg development data is thus régdefor the interpretation of life-history data,
specifically with regard to the identification asdparation of growth cohorts — which in turn affect
estimations of growth rates, mortality rates ars g@roduction (Humpesch 1980a, 1980b). Where such
data are collected through laboratory experimentswvhich certain environmental variables like
temperature can be manipulated, they also proatleable information regarding optimal temperatures

for development as well as both lethal and subletigamal limits.

Egg hatching success and egg development periodieetly related to water temperature for most
aquatic insects (Brittain 1990, Lillehammetral. 1989, Suter & Bishop 1990, Pritchaed al. 1996).
Additionally the relationship between water temp@m and both oviposition period and egg
development, in turn, determines the timing of haig and when young larvae will be present in the
habitat (Knispelet al. 2006). Flow however can result in physical damagelisplacement of eggs
without attachment apparatus. Low flows coupledhhigh temperatures as well as extreme high flows
coupled with low temperatures, in conjunction whk timing of the shifts between these states fregi
shifts), thus all act as seasonal time constraffescting the timing of life-history traits (espatty
oviposition and hatching). Changes in photoperiad often act as early indications for these regime
shifts (Chapter 2) and can be used by aquatic tsiseccues for life-history traits. Species hava\vad
specific adaptations (egg morphology: attachmemgaegius/threads; nymphal morphology: dorso-
ventral flattening; pupation) to either cope wiklese environmental constraints enabling certaihenic
environments to be occupied. Alternatively, theyeéhavolved life-histories that avoid unfavourable
conditions all together - e.g. through emergencehoough the egg stage (where conditions are

unfavourable to the nymph or adult).

Aquatic insects that occur In high altitude Northelemisphere Alpine streams that drain glacierghav
adapted to withstand high flows during the warm@aranfavourable parts of the year as a result of
elevated spring temperatures resulting in snow (Brkbwn et al. 2006, Milneret al. 2009). In non-
glacial catchments elsewhere in the Northern Helneisgy harsh winter conditions can result in streams
and rivers in exposed/non wooded areas (see Hraizhetnval. 2010 and Imholet al. 2010) freezing
over - causing either the larvae or the eggs ohtiginsects to enter into a period of diapausenkda
2007). Unlike these examples from the Northern Kpimére, in parts of the Southern Hemisphere like
the Western Cape of South Africa, high flows prevai winter when rainfall is highest and
temperatures are coldest. Conversely summer israed by high temperatures and low flows. These
Mediterranean-type climatic conditions represeunhigiue array of seasonal time constraints for aguat
insects. While milder winters without regular fremy conditions enable aquatic insects to continue

growing, the insects must be able to withstand liigivs. When warmer conditions begin to prevail
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they must be able to withstand low flows (reducegigenation) and high temperatures (sometimes
exceeding lethal limits). While the rivers studiedthis thesis all experience these general sedsona
constraints, they differ somewhat in the timing afgb their capacity to buffer environmental extesm
(e.g. through groundwater/shading) as evidencediffigrences in the timing and magnitude of regime
shifts (Chapter 2). These differences in turn affee timing of life-history traits, most noticegtihose
associated with oviposition, emergence and hatc{irg Chapter 4). The information presented here

can thus be used to elucidate these life-histdfgréinces.

5.4.1 Insights into oviposition site choice from egg morpology

Hatching success, larval growth, recruitment andefis of the offspring are all affected by the
suitability of the site selected for oviposition bgult female insects (Rausher 1979, Resetarit§,199
Hoffmann & Resh 2003). As such, strong selectioespure should exist for the ability to choose
specific sites for oviposition based on the bestddmns for larval development (Rausher 1979,
Resetarits 1996). Inherently though, the charasttesi of the eggs themselves represent adaptatons
the specific conditions present in the sites abeldo the female for oviposition (Resetarits 1996)
Observations of the morphology of eggs of aquatsects thus provide useful information regarding
the evolution of life-history traits, environmen@bnditions suitable for embryonic development and
even the seasonal timing of life-history eventg.(environmental conditions at times for ovipositio

and hatching).

The external morphological characteristics of tggseof all three species show evidence of distiacti
ecological specialisation and adaptation to locavirenmental conditions. Additionally, field
observations suggested that the oviposition sikecsen by females of all three species were non-
random and discriminatory, ensuring the ovipositidreggs into suitable instream conditions for the
development of both the embryo and the nymphs. Feentlhat oviposit eggs in conditions that are close
enough to optimal conditions such that their offsprsurvive would be at a selective advantage.
However, further quantitative studies on ovipositisite selection, such as those conducted by
(Resetarits 1996, Hoffman & Resh 2003), would bedee to confirm these notions.

Lestagella penicillata

The relatively small eggs df. penicillata showed no external signs of a protective membi@ne
attachment apparatus/threads, but Scanning Elebticnographs (SEM) would be required to confirm
these observations (see Fig. 5.3). The averagehlesfgthe eggs (length = ~173um and volume =
~7mnix10% is within the range reported by Brittain (1988} the large majority of mayflies (between
150-200um) (Table 5.2)L. penicillata utilised small pools, located upstream and gendgt by
subsurface flows, for oviposition during a narroimd period in early summer, when moderate

temperatures and low flow conditions prevailed (Fggpendix 5A). Similar oviposition flight
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behaviour to that of.. penicillata has been reported for most mayflies including Bphemeridae,
HeptageniidaeandLeptophlebiidagBrittain 1982), while Suter & Bishop (1990) haneported similar
oviposition site selection flights in four speciet south Australian mayfliesBaetis soror Nousia

fuscula N. inconspicuandAtalophlebia australis

The morphological characteristics of the eggs, absence of attachment apparatus, thus appear to be
well suited to the environmental conditions of theoured oviposition sites, as sites experiencagger

flow conditions could result in a) the eggs beiagried considerably further downstream to potelgtial
unsuitable sites for development (e.g. sites etthdphigher water temperatures) and b) the eggsgbei
physically damaged as a result of more turbulewdl The small size and lack of attachment apparatu
of eggs ofL. penicillataare characteristics allowing eggs of this spewese naturally washed, via a
gentle current, into either the rhithron or intaeger interstitial spaces within the substrate. Thisld

be advantageous, as these areas would providepraieeted “nursery” areas for egg development and

are less susceptible to drying out over the wasuarmer months.

Aphanicercella scutata

Eggs ofA. scutatawere slightly larger (length = ~195pum and volume22mnix10°) (see Table 5.2)
than those ok. penicillata,and fell within the range of volumes reporteddtrer species of Plecoptera
viz. 2.0-38.5mmx10° (Gillooly & Dodson 2001). The appearance of theatipbus substance on the
eggs ofA. scutataas described, is consistent with the findingButtain (1973) and many others (e.g.
Jewett 1960, Khoo 1964, Hynes 1976s&srzewska 1991, Merritt & Cummins 1996) for othiemefly
species. These authors suggest that this subsgntéact a gelatinous membrane which swells upon
contact with water (through its absorptive progs}j forming a sticky coating, which not only sexve
to anchor the eggs to the substrate but also pesvilotection to the eggs from physical injury and
desiccation. Kishimoto & Ando (1985) reported samiexpansion and eventual disappearance of the

gelatinous membrane coating the eggs of the stoKefinimuria tibialis

The presence of a gelatinous membrane on the éggssoutataenables this species to oviposit eggs at
a broad range of flow conditions within a suitabdege of temperatures. Oviposition was observed
during August, when high flows and low water tengperes still prevailed in all streams. Females
freely oviposited extruding egg masses into thghdlly slower flowing sections of the stream nedher

banks (see Appendix 5A).

Chimarra ambulans

The caddisflyC. ambulansvas found to have the largest eggs of the threeisp with an average size
(length = ~275um and volume = ~40fx10°) (see Table 5.2) well within a range (100-400pm in
length) reported for several other species of Tyitlra in Merritt & Cummins (1996). Oviposition

occurred over a long period extending from mid+sprito late-autumn. The glue-like substance
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covering eggs of this species (Fig. 5.3) is excrdte cement glands of the female during oviposition
(Dodson 1935) and fixes the eggs to the substkitakawa (1973) reported the presence of a similar
substance on the eggs of another trichopteran espeBtenopsyche griseipenni§he adhesive
characteristic of this glue-like substance, similarthat of A. scutataeggs, allows the eggs &.
ambulansto be oviposited at sites incurring a wide ran§élaw conditions that persist from spring
through to summer (both spates and baseflow condiths well as cold and warm temperatures). This
said, based on preliminary observatihshe eggs of this species do not appear to be aiin
resistant, unlike observations made for eggs ofynsaoneflies (see Khoo 1964, Hynes 1970). Females
of C. ambulanswhile clinging to the substrate surface, willarthe water and continue to crawl to the
submerged underside of large partially exposedestan riffles to oviposit eggs. Such stones were
repeatedly observed as sites for oviposition byalesm Eggs are thus oviposited in sites optimal for
both egg development and larval growth, as a) th#erside of partially exposed stones in gentle
current during spring and summer are unlikely tp out, b) these positions are not easily accessed
predators and c) as flows increase during autuheunderside of stones are not as exposed as the
upper surfaces, presenting a better location ferdévelopment and growth of these filter feeders.
Hoffman & Resh (2003) also point out that a) sucimas (moderate — large cobbles) are stable and not
easily displaced in high flows (barring floods), d9gs are not easily dislodged as velocity andrshea
stress are reduced on the underside of stonesybsirate and interstitial spaces surrounding the
underside of stones provide refugia for newly hetcharvae in high flows, d) siltation and algae
growth, both detrimental to egg development, adeiced on the underside of such stones, and e)sstone

in riffles offer higher oxygen concentrations tovel®ping eggs and larvae.

5.4.2 Embryogenesis: the finer details of egg developmehimnits

The more basal winged insects (Odonata, Ephemeegoptel Plecoptera) share similar embryology. As
a result of anatrepsis (direction of motion of #mbryo as it passes in an arc over the posterie) po
and the elongation of the germ band, they shaevaldpmental stage in which the embryo is S-shaped
(Kishimoto & Ando 1985, Tojo & Machida 1997, Paitil2008) (see Figs. 5.4, 5.5). This type of
blastokinesis (specific movements of anatrepsis katdtrepsis) is thus considered an ancestral trait
amongst the winged insects (Tojo & Machida 199He Trichoptera however, being a more derived
order, show quite a different sequence of embryosdglevelopment. The ancestral trait of an S-stape
embryo is not visible (anatrepsis and katatrepsiscat occur) (Fig. 5.6), embryonic growth is non-
blastokinetic and instead certain aspects of thergmogy are shared with the Lepidoptera (Miyakawa
1973, Anderson & Lawson-Kerr 1977, Panfilio 2008).

“OAlthough this was not reported, two egg massesisf gpecies were intentionally removed from watted
petri dishes and left to dry out over the periodi8fh. They were subsequently replaced in waternamwitored
for signs of development. Eggs appeared misshapgna further signs of development were observed.
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The visual comparison of the progression of devalemtal stages in the eggs of each of the species
studied, using photographic methods, has allowed fmer distinction of the upper and lower thekma
limits for embryonic development as well as suctgédsatching (as opposed to just recording time to
hatching). Additionally, the use of defined stagéembryonic development has allowed for estimates

to be made of rate development.

Lestagella penicillata

The developmental range for penicillataappears to have a lower limit of between 5 andC1&3d an
upper limit of between 20 and 25°C, with succesBaithing occurring only at temperatures of 10, 15
and 20°C. These limits are based on the fact tbasigns of development beyond stage S2 were
observed for eggs df. penicillataat temperatures of 5° C and 30° C, while at 25j@seshowed signs

of development to the penultimate embryonic stelfg Sut failed to hatch (Fig. 5.4).

There is generally considerable variation in théno@l temperature range recorded for mayfly hatghin
and therefore there is no clearly defined tempesatange within which the eggs of most mayfly
species exhibit high percentage hatches (Britt@@0)L Clearly both phylogenetic and environmental
determinants influence temperature-related devetopah rates. The results presented here are however
similar to ranges of roughly 10-25/30°C reported Buccessful hatching in several species of
Australian mayflies (see Suter & Bishop 1990, Bmit& Campbell 1991, Brittain 1995, Parnrong &
Campbell 2001) and 3-21/25°C for the majority c¢ Ephemeroptera from temperate areas in Europe
and North America (Brittain 1982 see also ElliotHumpesch 1980, Humpesch 1980a, 1980b, Brittain
1990). The reported temperature range for sucdesatching in European and North American species
is slightly lower than that reported for Australigpecies. While for the most part the egg developme
characteristics of Epehemroptera between Austaslchthe Northern Hemisphere are similar, the slight
differences in the range of temperatures for swfobdatching have been attributed to generally
warmer water temperatures, milder winters and aatgredegree of hydrological variability in

Australian rivers compared to those from EuropethadNorth America (Brittain 1991).

Aphanicercella scutata

The developmental temperature rangeXoscutataappears to have a lower limit a few degrees above
5°C and an upper limit of between 20 and 25°C (dadécated an upper limit closer to 20°C), with
successful hatching occurring only at temperatoeatinents of 10, 15 and 20°C. No development
beyond stage S1 was observed in eggs at tempetagatenents of 25 and 30°C (Fig. 5.5). At 5°C,

however, eggs showed signs of development to tia émbryonic stage S13 but failed to hatch.

The temperature range presented here for embrymielopment as well as successful hatching in
eggs ofA. scutatacoincides well with the range of successful hatmperatures reported for the

majority of plecopteran species of between 10 aB¥C1(Brittain 1990). Unlike the majority of
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Ephemeroptera in which hatching generally tailsabfiround 5°C, however, most species of Plecoptera
also exhibit high percentage hatches at tempesatfreetween 5 and 10°C with some species having
successful hatching others at temperatures as $0#7/@ (Brittain 1990- see also Harper 1973, Elliott
1988, Lillehammeet al. 1989,).

Chimarra ambulans

At temperature treatments of 5 and 30°C, eggs.@mbulanshowed no signs of development beyond
stage S2, while eggs successfully hatched at ledirdemperatures (10, 15, 20 and 25°C) (Fig. &\8).
such the temperature range for egg developmentappe have a lower limit of between 5 and 10°C

and an upper limit between 25 and 30°C.

Studies that relate the egg development of Tridrapto different water temperature treatments are
rare. Of the few detailed studies available (Wadrg86, Hildrew & Wagner 1992, Jackson & Sweeney
1995, Enders & Wagner 1996) none deal withambulansReported ranges in these studies have
yielded variable results for thermal tolerancest86€ for Plectrochnemia conspers@.eptoceridae)
(Hildrew & Wagner 1992), 10-20°C fdkpatania fimbriata(Limnephilidae) (Enders & Wagner 1996)
and 2-14°C folChaetopteryx villosgLimnephilidae) (Wagner 1986). Only one study fodackson &
Sweeney 1995) provided information (though only fegg development at a single constant
temperature) for a closely related yet unidentiBpdcies from the geniigormaldia,which falls within

the family Philopotamidaethe study revealed a successful hatch &€2@s such it is very difficult to
make any generalisations with regards to thermalea for development or hatching in the

Trichoptera.

5.4.3 Defining optimal and lethal thresholds for egg deMepment using egg hatch
parameters

Egg hatch parameters are useful in providing infdgrom regarding the thermal threshold for egg

development, the thermal optimum for egg develognan well as the timing and synchrony of

hatching, all of which constitute crucial inforn@tito studies of life-histories.

Thermal thresholds for egg development can berigdiirom egg percentage hatch data, in conjunction
with information on the embryonic developmentafystand in this case with categorical information on
the developmental outcome of the eggs (e.g. pefeatigs exhibiting deformed embryos). Very low
percentage hatches (~0-5%) or marked decreasesdarmage hatch can indicate an approach toward a
thermal threshold for development. Similarly, tle¢ardation of growth beyond a certain embryonic
stage, and or the presence of deformed embryoalsarnndicate an approach toward, or a surpassing
of, a thermal threshold. Pritchased al. (1996) define the upper thermal limit or maximum “that
temperature above which the number of DD (speci#ls megative or zero slope thermal reaction

norms) or days (species with positive reaction rmequired to complete development begins a
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consistent increase.” As such, thermal reactiomsoran also be used to estimate or infer the tHerma
limits for development. However, caution shouldthken when inferring thermal optima using only

reaction norms, especially if only a small rangexgberimental temperatures were assessed.

Thermal optimacan be also be inferred from percentage hatch déu@re the highest percentage hatch
or consistently high hatches would indicate a tl@raptimum. So too, the DD requirement to hatch
can give an indication of thermal optima, where ghertest time requirement leading to a moderately

high percentage hatch (>50%) would indicate a théoptimum.

Synchrony can be inferred from the length of hascith that a total hatch period occurring overatsh

period of time (say 2-5 days) would be synchronebsreas hatches taking as long as 20-30 days to
complete, could be considered asynchronous. Thidause in such a scenario (depending on the
growth rate of the species) hatchlings from day ¢aold have already undergone a moult to the second

instar by the time the total hatch is complete ay 80.
Lestagella penicillata

The DD requirement to mean hatch for eggd.openicillata decreased with increasing temperature
following a power law (Figs. 5.7, 5.9). Hatchingtlag 10°C treatment took significantly longer (6.
DD ~64 days) than hatching at the 15 and 20°Crtreats (340.3 and 279.8 DD respectively ~22 and
14 days) (Table 5.3). Similar ranges of temperatdioe hatching and corresponding DD requirement
values have been obtained for four closely reldtedth American species of Ephemerellidae, by
Sweeney & Vannote (1981). Average values for DOitst hatching inEphemerella funeralisare
especially close at 59-82, 22-36, 18-21 and 17&834% @t temperatures of 10, 15, 20, and 25°C.

Using the DD requirement data alone, one couldriafe optimum thermal range between 15 and
20°C* for L. penicillata However when considering the percentage hatchidatonjunction with the
DD requirement to mean hatch data, it is obserkiatlin all treatments where a successful hatch was
observed, a high percentage hatch (between 85 8% %vas also recorded — with no significant
differences among treatments. The most variablehh@2-100 %) was observed at 10°C while hatches
between 97 and 100% were observed in all replicatésmperatures treatments of 15 and 20°C (Fig.
5.7). As such, this could suggest a thermal optimexisting instead between a wider range of
temperatures (10-20°C).

The presence of almost fully developed embryos aib as deformed embryos at the temperature
treatment of 25°C (Fig. 5.8) in conjunction witt0% hatch (Fig. 5.7), indicates a surpassing of the

thermal maximum or threshold for development at25°he thermal threshold for development in this

“INote that since there was no hatching at 25°Cetigemno information for hatching success for terapees
between 20 and 25°C. Therefore, strictly speakimg,upper limit for the optimum range could be amg up to
(but not including) 25°C.
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species would then be estimated to be between @®R&MC, most likely just below 25°C, as fully

developed embryos were still present in the 258@tment.

The length of the hatch period in. penicillata was significantly shorter (4-5 days) and more

synchronous at the 20°C temperature treatment wbempared to the 10°C treatment (11-22 days)
(Fig. 5.7). Similar findings of asynchronous growathower temperatures have been reported in studie
of stoneflies and mayflies from the Northern Herhee (Elliott 1972, Harper 1973, Humpesch 1980a,
1980b). The longer DD requirement to hatch and doragynchronous hatch period observed for this
species at lower temperatures provides good evedEnaccount for the discrepancies in the appearanc
of first-instar nymphs observed in the life-histadgta (Chapter 4) amongst the sites. First-instars
occurred approximately 30 days later at sites etuhgblower temperatures over summer (Rooi-Els

Kloof and Eerste rivers) while the period of th@kemergence period of adults was approximately 30
days longer compared to sites exhibiting higherraye temperatures and more variable thermal

regimes (Molenaars and Wit rivers) (see Chapter 2).

Aphanicercella scutata

The DD requirement to mean hatch for eggAofcutata,unlike the requirement for other species,
showed a positive relationship with temperaturequing fewer accumulated DD at lower
temperatures (Fig. 5.7, 5.9) and greater DD atdriggmperatures. Positive reaction norms have most
commonly been observed amongst species of Pleeojpten North America and Europe (see Pritchard
et al. 1996, Lillehammeret al. 1989) but a single species of Ephemeropt&ithfogena loyolen

restricted to cold mountain streams in Europe diss been found to exhibit a positive reaction norm

In general the DD requirement to mean hatchAfoscutatawas very similar to that observed in three
closely related species dfemourareported in Gillooly & Dodson (2001)iz. Nemoura cinerea
(Brittain & Lillehammer 1987)Protonemura meyei{Strange 1985) androtonemura praecofElliott
1988). The range of values (days to mean hatclortegp for these aforementioned species in order
were: 30 days, 29 days and 34 days at 10°C, 22 d8ydays and 24 days at 15°C and 17 days, 15 days
and 19 days at 20°C.

Based on the DD requirement to mean hatch, thenddesptimum forA. scutatawould appear to occur
between 10 and 15°C, perhaps even closer to 108eRtage hatch data showed no differences
however, between the relatively high hatches atrd® 15°C (85.2 and 75.8% respectively) but did
show a marked decrease in the percentage hatcledretthe treatments at 10 and 20°C, with the
percentage hatch at 20°C declining almost 2-3 foldnly ~31.7% (Fig. 5.7 and Table 5.4). The
marked decrease in hatching at 20°CAoscutatawas initially thought to perhaps be a consequence
laboratory conditions (e.g. low oxygen concentraticat higher temperatures). Britain (1990) in a

review of plecopteran development, however, claitied hatching success at an optimal ranges of 10-
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15°C was invariably high, but rapidly decreaseseatperatures over 20°C. This suggests that the
decreased hatch at 20°C Af scutatarepresents natural low hatch percentages ratharatiafacts of
laboratory conditions. Percentage hatch data thdgate a thermal optimum for egg development
between 10 and 15°C and a thermal threshold egit@tween 20 and 25°C. The thermal threshold is
likely closer to 20°C as deformed embryos wereaalyevisible in the 20°C treatment, while no sighs o

development were noted in the 25°C treatment G-R).

Hatching inA. scutataappears relatively asynchronous with a long hatgperiod (>20 days) observed
in all temperature treatments for which a succés$sfich was recorded. Hatching period was shoatest
20°C (20-21 days) followed by 10°C (22-26 days) 208C (28-29 days) although the length of hatch
was only significantly different between treatmentsl5 and 20°C (Fig. 5.7 and Table 5.4) These
observations suggest that the hatching periofl. afcutatais shortened at suboptimal conditions, while
under more optimal conditions an asynchronous hatdurs. Alternatively the apparently quickened
hatch at 20°C could be an artefact of the fact thdistantially fewer eggs actually hatched at this
temperature. Nevertheless hatching period was autisty longer and more asynchronous at all
temperature treatments f8r scutatain comparison td.. penicillataandC. ambulansThis relatively
asynchronous hatch could explain the longer emergpariod observed ix. scutata(May-August ~3-

4 months) when compared to that observedLfgpenicillata (October-November ~2-3 months) (see
Chapter 4). Additionally the DD requirement (36 slaat 10°C — this temperature roughly coinciding
with winter temperatures over the period of emecgesnd oviposition) in conjunction with the length
of the hatch period (22-28 days) suitably accoaontlie presence of first-instar nymphs of this sgsec
occurring for approximately four consecutive mon#fter the first signs of adult emergence (see
Chapter 4).

Chimarra ambulans

Eggsof C. ambulansxhibited the widest thermal range for developr{@wer limit between 5 and
10°C and upper limit between 25 and 30°C) relatiivéne other species studied. Egg<ofambulans
also showed the fastest development times and tdivesnal requirement at all incubation treatments,
followed by L. penicillata and A. scutata Development time or DD requirement to mean hatch
decreased at increasing temperature treatment8,df5land 20°C following a power law (Figs. 5.7,
5.9). At the temperature treatment of 25°C howether DD requirement was higher than that observed
at 20°C suggesting that a temperature of 25°C @aalihe thermal optimum for hatching in this
species. Additionally, the presence of deformed rgow at temperatures of 25°C indicates thermal
stress at this temperature. The DD requirement.{26D) to mean hatch at 20°C f@. ambulans
equates to roughly 12 days (Table ). This DD resqugnt is almost identical to the values of 240 DD a
20°C ~12 days obtained by Jackson & Sweeney (1f@9%®gg development of a closely related, though

unidentified, tropical species @ormaldia(Philopotamidae).
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Percentage hatch in this species was the mostolandth the general trend being one of decreasing
percentage hatch with increasing temperature —gthdhis trend was not shown to be significant,
presumably as a result of the high level of valigb{Fig. 5.7 and Table 5.4). Experiments would
however need to be repeated to determine the odgfithe high variability in percentage hatch
observed, which could either be a true reflectibmatural levels or be an artefact of the fact that
mating and oviposition occurred in an artificiabdaatory setup. At temperature treatments of 10, 15
20 and 25°C a high percentage of eggs showed &ykldpment but failed to hatch (Fig. 5.8). It
remains uncertain, though, whether this too isua teflection of eggs in nature or whether this is
result of laboratory conditions affecting egg depehent?. It is possible that fungal infections and low
oxygenation levels at higher temperature treatmdB@ and 25°C) may have been the cause.
Nevertheless the decrease in percentage hatcphariiemperatures (averages as low as 12.4% at 20°C

and 7% at 25°C) suggests that the thermal lindtdse to being reached at 25°C.

It is difficult to estimate a thermal optimum fdui¢ species based on values of percentage hatches
alone, as hatches were variable at all temperateiaéments. However, highest hatches were recorded
for treatments at 15°C followed by 10°C with a nemtkdecrease observed at 20°C, suggesting the
potential for a thermal optimum between 10 and 2fifiCthis species. However, eggs from the same
species collected from a different location (Wind&weam, Kirstenbosch) and incubated with two
replicates at 20°C, exhibited two high percentagiehes of 79.3 and 80.9% respectively, suggesting
that the thermal optimum may in fact be greaten 2@°C. This observation relates well to the pastnt

thermal optimum derived from “DD to mean hatch”alat

The length of the hatching period, while exhibitingriability at all incubation treatments, waslstil
relatively short compared to that of the other sgmcat an average of around 3.5 days for all
treatments. No significant differences were obsganmong treatments. This species therefore exhibits
a synchronous hatch. However, as female ovipos#jpgears to occur continuously over a long period
of up to 8 months (perhaps extending throughoutydaa in certain rivers) (see Chapter 4), this doul
result in the appearance of seemingly asynchrohatch in the field data, which is in fact caused by

the presence of overlapping newly hatched generatio

5.4.4 Environmental cues for oviposition, emergence andeyelopment

The timing of oviposition and length of the egg elepment period i.. penicillatasuggest that this

species may utilise the timing of the positive dspeing (November) thermal regime shift as a cue fo

2 Although this was not reported, egg hatching eixpents for this species were in fact repeated twthér
times in an attempt to ascertain and minimise thgrek of variability in the percentage hatch datze first
repeat experiment utilised a flow through systentdastantly circulate water over the eggs (in aangpt to
increase dissolved oxygen concentrations), whigesicond utilised the same flow through systemwitlit an
added diluted dose of aquarium anti-fungicide tterapt to prevent any fungal infection). Surpridinmn both
repeat experiments (each having four replicatereggses per temperature treatment) no hatchingreccat any
temperature treatment.
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oviposition (see Chapters 2, 4). This regime ghitimed with the abating of winter and spring high
flows to summer baseflow conditions (see Chapter Z)resenting an optimal time period for the
oviposition of these eggs which a) do not havechttent apparatus, b) develop optimally at moderate
temperatures and c) need to develop before thet afispeak summer temperatures which might
adversely impact hatch success. Porscutata more rapid and synchronised development of nymphs
appears to be cued with the first negative themagiime shift of the year in autumn (coinciding with
the March equinox) — indicating the onset of lomperatures and higher flows (see Chapters 2, 4).
Following this negative thermal regime shit,scutataappear to emerge throughout winter (perhaps to
avoid high flows), with oviposition subsequentlypapring to be synchronised with the first positive
thermal regime shift in early spring. This regimsftscoincides with the September equinox and
indicates the onset of warmer conditions and tladiladp winter spates to moderate flows (see Chapters
2, 4). This presents an optimal time for the degwmalent of the eggs of this species as they a) »ed fi

in place and protected from turbulent/high flows &ygelatinous sticky coating and b) develop
optimally with higher hatch success at low tempees. Similar toL. penicillata emergence of the
over wintering population/pupae @&. ambulansappears to be synchronised with the late spring
positive thermal regime shift (November) (see Ceepp, 4). Emergence as well as oviposition appears
to occur continuously throughout summer but stdpsi@atly in conjunction with first negative thermal
regime shift in autumn. This regime shift coincidegh the March equinox perhaps acting as a cue to
indicate high flows and low temperatures (see Ghapj. The summer period presents the optimal
conditions for development of eggs of this spewieEh develop rapidly and optimally at a wider rang

of temperatures than the other species even atqueainer temperatures.

5.4.5 Thermal reaction norms and evolutionary origins

Lestagella penicillata

The slope of the thermal reaction norm forpenicillatawas found to be steeply negative= -1.23)
(Fig. 5.9). This value, while falling within a brdaange reported for many other ephemeropteran
speciesly = -1.75 to 0.0 with the median around -0.75), @ennegative than the majority of species
(Pritchardet al. 1996). Eggs of almost all the temperate zone negyfh the study by Pritchart al.
(1996) exhibited warm adaptation and negative slpgigough with values slightly lower than those
observed for Odonatd & -1.75 to -0.75 with the median around -1.25)ckihéire known to be warm
adapted (see Pritchaat al. 1996). Increasingly negative slopes indicate thgteater number of DD
are required at lower temperatures to completeldpreent, andvice versaAs such, species exhibiting
negative slopes are considered to be warm-adaptades. The explanation for this finding given by
Pritchardet al. (1996) is that the close phylogenetic relationdiepveen mayflies and Odonata might
imply that they shared a similar (tropical, warmtevi environment during their origin and evolution.

More specifically, this may hold true for the Tedmgpdidae which are thought to have had their origin
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in more tropical waters of Gondwanaland, at a timhen the global climatic conditions were generally
cooler and moister than at present (Endrody-Your2f8, Barber-James et al 2008). However, as the
southern African climate became warmer and mow during the Mesosoic, these invertebrates along
with other Gondwanan fauna would have incurred esgibent isolation in montane refugia (Endrédy-
Younga 1988). Compared to the slope of the thergadtion norm of two closely related species in the
Ephemerellidadrom North America (see Sweeney & Vannote 19&phemerella funerali@nd E.
subvaria(b = -0.39 and -0.64 respectively), penicillatashows a markedly steeper and more negative
slope. It is possible that the more variable clanit the Southern Hemisphere, coupled with higher
average water temperatures over summer and milgigens, have resulted in a greater degree of

adaptation to warm waters than its Northern Hengsplsounterparts.
Aphanicercella scutata

The thermal reaction norm for the stoneflyscutatashowed a weakly positive slople £ 0.15) (Fig.
5.9). In contrast to the negative slope recorded_fgenicillata,a positive slope indicates that fewer
DD are required at lower temperatures for egg dgrekent. Pritcharcet al. (1996) reported that
positive slopes were commonly recorded for the dfjezra, more so than in any other insect order,
suggesting frequent cold adaptation and cold watagins. The values of slope®)(reported by
Pritchardet al. (1996) for Plecoptera range from -0.75 to 1.0 wlik median between -0.25 and 0.25.
Power law equation constargsndb, as well as the slope for the thermal reactiomm@ported foA.
scutatain this study compare well to those reported fourfclosely related Southern Hemisphere
species of Notonemouridae from Australia in theugekustrocercella(See Brittain 1991, Pritchamt

al. 1996). Values foA. scutataare most similar to those recorded farstrocercella illiesi{power law
equation constanta = 227,b = 0.124), a species widespread in the AustralifpsAvith an autumn
emergence period, and an egg development periodgdtine winter months of June/July/August
(Brittain 1991), coinciding with that @&&. scutata

Studies by Brittain (1991) and Pritchaed al. (1996) both highlight the point that the Southern
Hemisphere Notonemouridae (includirgustrocercelld and its sister taxon from the Northern
Hemisphere, the Nemouridae, share similar rangasaaftion norms. Brittain (1991) found that both
regression constants from equation (2) (sectiorB4tls chapter) foAustrocercellavere more similar

to those found for colder stenothermal species ehblridae (Lillehammeet al. 1989) rather than
cold-cool eurythermal species in the Nemouridag all species ofAustrocercellaare restricted to
higher elevation mountain streams in the Australidps, they would experience cold environments
during egg development. This ties in well with flaet thatAphanicercella including A. scutata is
considered to belong to a relictual stenothermahdd@nan family (the Notonemouridae) currently
restricted to higher elevation/mountainous regiohghe South Western Cape (Day 2005, Stevens

2009). It should be noted, though, that the laclstekpness of the slope An scutatacould suggest
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adaptation to variable thermal regimes that areacheristic of temperate streams and lakes (Pridcha
et al. 1996). Findings in this study fa@. scutatanevertheless lend further support to the concligsain

Brittain (1991) that the Notonemouridae have a-e@aldpted life cycle.

Chimarra ambulans

While Pritchardet al. (1996) did not include trichopterans in their stuthe moderately negative slope
(b =-0.45) calculated fo€. ambulangFig. 5.9) is similar to values they observeddeveral species of

Diptera and Ephemeroptera as well as some warmtedigfecopterans.

It is generally accepted that the basal group of fFrichoptera (Spicipalpia, comprising
Glossosomatidae,Rhyacophilidag Hydroptilidae, Hydrobiosidae all of which make closed
unpermeable silk cocoons) originated in cool welygenated lotic waters (Ross 1956, Wiggins &
Wichard 1989, Frania & Wiggins 1997, Wiggins 200Bhe Spicipalpia are thus believed to represent
the primitive conditions and origins of the entimrder Trichoptera (Wiggins 2004). Several
advantageous evolutionary adaptations (e.g. ineteagspiratory efficiency through the use of
permeable silk and open cocoons as well as tulvateeats) however, are thought to have enabled
Trichoptera to invade lotic habitats with decregsinrrent and oxygen availability and higher summer
water temperatures, with some even invading lemtters. In turn this is thought to have lead to the
radiation of more derived extant groups, such asltkegripalpia and the Annulipalpia (to which the
family Philopotamidae belong), which exhibit the aforenwred adaptations (Wiggins, 2004). The
Philopotamidae have their origins in the middldate Triassic period, in what would then have baen
tropical belt extending across modern day North Acaeand Western Europe (de Moor & Ivanov
2008). The warm water origins of the family ardeeted in the most speciose and widespread genus
Chimarra This genus is well represented in the tropical sub-tropical areas of Asia and Africa and
as a whole has been described as being warm-ad@éduohik 1998).

The negative slope obtained for ambulansn this study also suggest adaptation to and jpsrbagins

in warm waters, this in agreement with the assestiof Blahnik (1998). The negative slope, being
substantially weaker than the slope forpenicillatahowever, and the fact that the species shows a
higher percentage hatch at slightly lower tempeestwf 10-18C, could represent an adaptation over
time to more variable thermal conditions that ineuvarmer waters. A higher percentage hatch at
moderate to low water temperatures compared towakr temperatures could also reflect site specifi

adaptation to the water temperatures experienceki®gpecies at the Elandspad River site.

5.4.6 First-instars, egg size and clues to life-historywlution

The characteristics of the eggs represent adapsatinspecific conditions present in the siteslatsbd
to the female for oviposition (Resetarits 1996jds been proposed and shown that female bodyssize

directly related to egg size and also the numbexggls produced in aquatic insects (Smith & Fretwell
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1974, Sweeney 1978, Brittain 1982, Berrigan 1981)as also been shown in this study and in others
that the size of first-instar hatchlings is postwrelated to egg size (Lillehammetral. 1989, Corkum

et al. 1997). Additionally it has been shown for several ectatieranimals, including fish and insects,
that females developing and ovipositing at lowengeratures produce larger eggs (Fleming & Gross
1990, Avelar 1993, Sheader 1996). Phenotypic piastias been proposed to account for much of the
variation in egg size at lower temperatures, yetrttechanisms underlying this widespread phenotypic
plasticity are not yet understood (Azeveetoal. 1996, Crillet al. 1996, Blanckenhorn 2000, Fox &
Czesak 2000, Fischet al. 2003). Of the several explanations proposed, srbat selection favours
the production of larger offspring at lower tempgeras to shorten development time and thereby
shorten generation time (Green 1966, Perrin 1988&hEr et al. 2003). This suggestion will be

considered in the following paragraphs, in lightte# three species investigated in this study.

The size of first-instar nymphs is positively reldto egg size (Fig. 5.11). Eggs and first-instanphs

of L. penicillatawere the smallest, followed by thosefofscutataandC. ambulangTable 5.2 and Fig.
5.11). Based on life-history data presented in @rag, L. penicillata exhibits the longest larval
development period (11-13 months) and is univoltie scutatawas also found to be univoltine,
exhibiting an extended development period (8-14 the)nas well as a longer emergence period,
compared td_. penicillata.In contrastC. ambulansappeared to exhibit variable voltinism linked with
the shortest development tifiéestimated between 2-5 months). The total devedoprtime for two
closely related specie€himarra mosleyand an unidentified species from the geWarmaldia were
shown to have total development times (at 20°Gofittle as 1.5 and 4 months respectively allowing

for a bivoltine life cycle (see Jackson & Sween893 and Cudney & Wallace 1980 respectively).

Larger eggs produced By scutataandC. ambulangboth more derived species thHarpenicillatg are
associated with quicker larval development (onlygielly so in the case @&k. scutatd and perhaps
greater flexibility with regard to life-historiesnder more variable climatic conditions than
penicillata This is especially true in the case of the maoltime specie<. ambulanswhich shows a
great affinity for warm waters, while f@k. scutatathis might be less applicable as this speciesappe
to already be existing at the thermal limit for development. The more basal spediepenicillata
produces smaller eggs, potentially as a resultt®fwarm water origin and thus has a longer
development and life cycle/generation time, withha@s a less flexible life-history. However, be@us
of the lengthy life cycle it is subject to a widenge of seasonal temperature fluctuations, incgudin

summer temperatures to which it is adapted.

In effect these data suggest that egg size andspwnding first-instar nymph size are inverselgtesl

to generation time. Additionally Green (1966) arefrih (1988) proposed that selection favours the

“*The life-history forC. ambulansvas shown to be complicated and still needs tthbeoughly resolved — this
would require rearing experiments in which the ltatavelopment time for individual larvae under difnt
temperature treatments can be monitored.
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production of larger offspring at lower temperatures to shorten development time and thereby shorten
generation time. These observations appear to explain the trends observed in the relationship between
eggs size and first-instar size for the three orders in this study. However, phylogenetic constraints might
equally explain generation length, with longer life cycles being associated with a greater number of

instars. This is discussed further in Chapter 7.
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The role of temperature in larval growth rates, suwival and
adult emergence ol estagella penicillata
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Summary

Knowledge of aquatic individuals’ thermal toleraniceits, as well as an understanding of the sulleth
effects of temperature on other phenological trétg. emergence, growth, egg development and
hatching, and fecundity), is of critical importarinedetermining not only an individual’s life cychaut
also the potential response of ecosystems to dltédnrermal regimes. Additionally, where such
information can be coupled with fundamental lifetbry data in conjunction with long-term
temperature data the ability to further model aodkdast ecosystem responses (based on predicted
future climate change scenarios) then becomeslpes£ollecting such data from the field can be
complicated and difficult to achieve and is thusttdre suited to being collected through
rearing/mortality experiments conducted under abiet laboratory conditions. This chapter reporis o
the results of laboratory rearing experiments tete conducted on two genetically distinct lineagies
the larger putative species complexX_openicillatg collected from the Window Stream and Molenaars
River sites. The major aim was to assess whetlffereices existed between the lethal and sublethal
effects of temperature on these individuals speadiff in terms of nymphal growth rates, upper Létha
Temperature (L) mortality, and timing of emergence. Importantyspected differences in growth
rates amond.. penicillata populations (Molenaars River and Window Streamjewexperimentally
evaluated in this chapter before the genetic amalymd been completed (Chapter 3). Using a novel,
thermostatically controlled, flow-through systensigm, the sublethal effects of temperature on gnowt
rates, body size, and the timing of emergence mjucetion with thermal tolerance limits (using atit
LTso experimental procedure) were assessed for a rangater temperature treatments within a CE
room. The results of the experiment confirmed estt® of thermal optima for growth (obtained in
Chapter 4) and allowed for life-history trait diféeices between two genetically distinct lineagelseto
evaluated and contrasted under common environmeoitalitions, providing insight into the degree to
which genetic differences vs. phenotypic plasti@ffect these traits. In particular, individualrfr
both Window Stream and the Molenaars River showstinal growth rates converging at between 16-
18°C in accordance with GLM estimates for optimabvgh of this species (Chapter 4), possibly
suggesting that this is a common thermal optimungegor growth in the genus. Individuals from the
Molenaars River, however, showed better growth thase from the Window Stream individuals at all
temperature treatments, likely owing to geneti¢egénces in conjunction with adaptation to a warmer
thermal regime that is experienced in the Molen&aver. This conclusion was further supported by
the observation that individuals from the MolenaRiger showed higher upper Ldlimits than those
from Window Stream. The delayed timing of emergeotk. penicillatacollected from both sites in
laboratory experiments when compared to naturaluladipns appeared to be an adaptive plastic
response in the life-history trait of this speciarther differences in the timing of emergenceewer
observed between individuals collected from the s$ites; these too are also thought to be as a i@fsul

the different natural thermal regimes experiencetha two sites to which the species have become
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adapted. Notably, body size and the number of moults appeared to be regulated by the inter-moult
duration, which generally decreased with increasing temperature. Differences under the same
temperature treatments were again observed between individuals from the Molenaars River and

Window Stream, providing further evidence of genetic differentiation between the two lineages.
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6.1 Introduction

Temperature plays a fundamental role in the ecotdiggquatic insects, with altered thermal regimes
influencing the timing of emergence and hatchingowgh and metabolic rates, fecundity, and
ultimately determining the survival and distributi@f different species (Ward & Stanford 1979,
Brittain 1982, Ward & Stanford 1982, Perey al. 1987, Brittain & Campbell 1991, Atkinson 1995,
McKie et al. 2004). Certain species have more flexible lifadriss (e.g. bi- tri- or multi-voltine) and
are thus able to respond to different temperategenes by adjusting their growth rates and ememgenc
times accordingly (Nebeker 1971a, 1971b, Hynes 19a@note & Sweeney 1980, Pery al. 1987,
Brittain & Campbell 1991, McKieet al. 2004). Increases in water temperature have beawnsko
accelerate larval development and to cause areeaniset of emergence in some species as well as
reduced size at maturity (Brittain 1976a, Sween@y8l Ward & Stanford 1979, Pergt al 1987,
Lillehammeret al. 1989, Rader & Ward 1989, Panov & McQueen 1998, MeK al. 2004, Harper &
Peckarsky 2006). While accelerated growth andezaglinergence may not pose major negative effects
for the survival and fitness of more adaptable tgmymic species, increased temperatures resutting i
suboptimal conditions for growth for less adaptadgecies (e.g. stenothermic univoltine specieshdcou
reduce fithess and overall reproductive succeghaxfe species by altering life-history traits sash
timing of emergence, size at emergence, fecunditlyegyg hatching success (Sweeney 1978, Brittain &
Saltveit 1989, Harper & Peckarsky 2006). Indeed aauatic species, not only those that are
stenothermic in origin, that exists at a thermalrmpm where size and fecundity are maximised would
be vulnerable to such changes in life-history $ra$ a result of thermal regime alterations (Ha&er
Peckarsky 2006).

The causes of thermal alteration to aquatic rivehabitats are numerous and include amongst others:
river regulation and modifications of flow regimberaugh the construction of dams and associated
hypolimnetic (cold) or epilimnetic (warm) releag¥gebbet al. 2003, Arthingtoret al. 2010, Olden &
Naiman, 2010), inter-basin transfers, riparian t&ti@n condition or deforestation in turn affectitig
amount of incoming solar radiation (Rutherfatal. 1997, Caissie 2006), upwelling and subsurface
water or groundwater interactions (Searal. 1999, Storyet al. 2003) and of course thermal changes
related to global climate change (Hogfgal. 1995, Durance & Ormerod 2007, Woodwatdal. 2010).

As is evident from the above, many of the driveigshermal alteration are anthropogenic in nature
(Dallas & Ketley 2011) and as such the increasiegahnd for freshwater and its associated goods and
services needs to be coupled with the need to ersmud maintain freshwater ecosystem integrity
(Arthingtonet al. 2010, Olden & Naiman 2010). This major challengelioth freshwater scientists and
managers has recently emerged as one of the mpsttamt resource issues facing the planet (Olden &
Naiman 2010). In this regard it is essential tlwa¢rgists provide managers with the research that c

enable them to make informed decisions and dewaliipble management guidelines.
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Knowledge of aquatic individuals’ thermal tolerariceits, as well as an understanding of the sulleth
effects of temperature on other phenological tréts. emergence, growth, egg development and
hatching, and fecundity), is therefore of criticalportance in determining the potential response of
ecosystems to altered thermal regimes (Dallas &elge2011). Additionally, where such information
can be coupled with fundamental life-history datacbnjunction with long-term temperature data,
modelling and forecasting ecosystem responses lmas@dedicted future climate change scenarios is

made possible (Panov & McQueen 1998).

Two main experimental methods, dynamic (non-lethal] static (lethal), exist for determining thermal
tolerance limits (Lutterschmidt & Hutchinson 199%rblancheet al. 2007, Dallas & Ketley 2011,
Dallas & Rivers-Moore 2012). In the dynamic methiodiividuals are subjected to temperature
increases or decreases at a constant rate urtieithgbit a behavioural stress response or phygicéd
failure (e.g. increased swimming, followed by lafsattachment to substrate and or immobility) at
which point the temperature or critical thermal goidt (CTE) is recorded and noted either as acatiti
thermal maxima (CTmax) or minima (CTmin) (Terblaedht al. 2007, Dallas & Ketley 2011). The
overall CTE for a taxon is determined through clating the arithmetic mean of end points for a
sample of several individuals of the same spedialds & Ketley 2011). In the static method
individuals are either subjected to a range of torigemperatures for the same duration of timhey
are subjected to a single constant temperatureafging durations (Terblanclet al. 2007). The Lethal
Temperature (L) is then calculated as the temperature at whiéh 60the individuals in a sample
survive in the particular time frame (Dallas & Katl2011). This static lethal method is a robust
method that has been used for many years andnitadly designed for calculating median lethal
concentrations (L) values in eco-toxicology studies and toxicity dssays (Hamiltoret al. 1977),
but is also applicable for studies where mediamaletemperature limits are the focus hence theofise
the term L, instead of LG, Generally the static method uses varied tempestaver a constant
duration (normally anywhere from four to 10 dayeglaommonly involves 20 to 30 individuals per
temperature treatment. There can be upwards of tteatments (Dallas & Ketley 2011), though a
minimum of at least six individuals at each tempa® treatment is required to provide statistically
meaningful results (Stephan 1977). Dynamic metlaydthe other hand are relatively quick (1-2 h) to
perform and require fewer individual (approximat8yy organisms in total) to obtain results. For ¢hes
reasons the CTM method has gained popularity anthrimierest over recent years compared tey LT
methods. Both however remain suitable and usefudrmental methods for determining thermal limits

of aquatic individuals.

For determining sublethal effects of temperaturepbenological traits such as emergence cues and
growth rates, experiments involving the regular iwsmg of live insects held at different temperatu
treatments in simulated stream environments hageeprto be effective and have provided valuable
information (e.g. Brittain 1976a, Lillehammet al. 1989, Pritchard & Zloty 1994, Elliott 2009).
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However such experimental setups can be far moadleciging and costly to construct. This is in
contrast to experimental setups used for determisublethal temperature effects on egg growth,
which are easier to assemble and maintain, as doeyiot necessarily require a simulated flow

environment, filtration or food provision (see Cteayb).

Using a new design for constructing simple, costative, self-contained and thermally controlled
simulated stream flow-through systems, the primaims of this study were a) to determine the
sublethal effects of temperature on growth rateint of emergence and also size at emergence in two
representative populations of a putative speciesptex of the mayflyL. penicillata (Teloganodidae)
(see Chapter 3) and b) to determine the upper #idmmits of these populations using the flow-thgbu

setup concurrently as a long-term (25-day) stafig &xperiment.

More specifically, this information was intendedletter interpret the field-collected phenology and
life-history data collected for this putative specicomplex (Chapters 3, 4) by linking field datahwi
laboratory experiments on growth. Additionally ttdata can be used to gain insight into thermal
tolerance limits by comparison with egg developmerperiments (Chapter 5) and by comparing
growth trends, phenological and morphological $rattwo genetically distinct lineages of the pwat

species complex reared under the same environnwmditions (Chapter 3).

6.2 Methods

6.2.1 Field sampling

Samples ofL. penicillatawere collected from two sites previously utilisedthis study, namely the
Molenaars River and Window Stream sites (Fig. €Bapter 4). Based on life-history information
previously obtained for this species, sites wers@ed in late September/early October 2011 follgwin
the onset of sexual dimorphism, but prior to theeegance period (Chapter 4). This was done a) in
order to be able to distinguish the sex of collédpecimens, thereby preventing confounding results
that might occur from sexually dimorphic growth abyto as far as possible ensure information
regarding the timing of emergence was capturechdutie course of the laboratory experiments, whilst
at the same time mitigating the effects of monatitving to potential flaws in the experimental getu
(i.e. slightly later-instar individuals would be meolikely to survive and emerge than early-instar

individuals).

Riffle areas at these sites were sampled by gemtking up, shaking and brushing the surfaces of
submerged cobbles at the opening of a standardesdpaene kick net (30cm x 30cm x 60cm), which
was fitted with an 80m mesh. Invertebrate samples were returned toath@ratory where they were
aerated and allowed to acclimate for 72 h in a Q&frr set to + 11°C with full spectrum flourescent
lighting, which provided a light/dark photoperiotiZ®:12 h (light from 07:00 to 19:00). The CE room

was set at approximately 11°C in order to match iantbstream temperatures calculated for the
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Molenaars River for the month of September (seeptehe2, Table App2B.2 in Appendix 2B). Small
alga covered pebbles, collected separately duangping at the Window Stream site, were placed in
the containers housing the invertebrates as a esoofcfood prior to acclimation. Hourly water
temperature records were collected for both sitesnbans of HOBO® TidbiT® v2 loggers (Onset
Computer Corporation 2008) and were availableHertime period from November 2008 to May 2009,

i.e. prior to the commencement of the experiment.

6.2.2 Laboratory methods

Following the acclimation to the ambient stream pemture (control temperature)
specimens/individuals were moved into the laboyatehere they were sorted, identified and sexed
using a dissecting microscope. Suitable test iddizds of femald.. penicillatawere subsequently aged
(by counting antennal segments) and photographied asLeica DM750 compound microscope fitted
with a digital camera. During this process all induals were kept in aerated containers and allowed
acclimate slowly to room temperature (~24°C) ovgedod of three to four hours at a rate of roughly
3-4°C/h. Approximately one hour was required to age photograph 30 test individuals. With four
intended experimental temperature treatments (108CC, 20°C, 25°C}* each populated with 15
individuals from the two sites, ageing and photpbmag took roughly four hours in total. Individuals
that were to be placed in the control temperatin@mbers were aged and photographed first after
which they were immediately moved back into therG&m and placed in the experimental temperature
chambers. The same process was repeated for tiegiragptal temperatures in order of increasing
temperature. Individuals were placed in the expenital temperature chambers as their environmental
temperature reached the intended experimental retype. However, individuals intended for the
25°C treatment were placed in their experimentandbers once they had acclimated to room
temperature at approximately 24°C. While this was an entirely precise or accurate acclimation
process it served the intended purpose of prevgtitie individuals from experiencing thermal shock

when being placed initially in the experimental parature chambers (Nebeker & Lemke 1968).
Experimental temperature chamber design

Experimental chambers were designed to be costte#e contained, thermally controlled, re-
circulating flow-through systems with built in fifttion, and able to hold up to 15 test individuals
separate housings (Fig. 6.1). The design constdtadeservoir (rectangular plastic crate filledhn26
litres of conditioned tap water) which could be teeausing standard thermostatically-controlled
aquarium heaters in the case of treatments fror@5t&- A single aquarium powerhead pump with

attached filtration canister and filtration mediwmas used to circulate water, at an adjustable rate,

4 While it was the intention to have four temperattreatments (10, 15, 20, & Z§ with two replicate chambers
at each temperature, this was not achieved owimiffioulties with calibration of heaters used hretexperiment.
Final temperatures used in the experiment were51(16.70, 15.76, 16.83, 19.76, 21.75, 25.61 anfeX6.(see
Results and Discussion).
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through standard aquarium tubing around the peemet the reservoir. Standard garden irrigation
connectors were used to connect tubing to the ehthe individual housings and to the submerged
pump itself. Individual housings consisted of pojyglass vials fitted with a piece of 80pm mesheaund
the plastic lid (to prevent escape of the indivijlughe lid of each vial had a portion cut out ttoa

for an overflow effect and a small hole to allow &irect connection to the tip of a standard autioma
pipette end which itself was inserted into the apgmf a T connector. In order to ensure that reeit)
water temperature in the housings was impactedibyemperature (i.e. if the housing is elevated
mostly above the water of the reservoir) nor bffewtive overflow (i.e. if the housing is submerged
plastic S-hooks were used to elevate the tubinglamattached organism housings such that thefids

the housings were about 2 cm above the level adéniatthe reservoir.
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Plastic crate
(56 x 36 x 28cm)

Aquarium pump
(Aquaclear 30 - 660I/h)

Filter canister for aquarium pump
with filter medium (glass fibre)

Aquarium heater
(100-150w)

Water tempertaure logger
(Onset Hobo TidbiT v2)

Plastic S hook

Airstone

Plastic irrigation T connection
(1.2cm @)

Automatic pipette end

(1.0cm @, 200:1000u1)
Modified polytop vial lid
Nylon mesh placed under lid
(80pm)

Glass polytop vial
(2.5cm @ x 7.5cm, 25mi vol.)

Aquarium tubing
(1.5cm @)

Algae covered pebbles
(x2 - food source)

Fig. 6.1. Design of temperature chambers and organism hosigisgd in growth and L§ experiments.

Diameter is denoted by the symbol @.
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The flow-through system provided a stable averdge fate of approximately 1.875litres/h to the
housing of each test individual. The subsequentflove allowed for the removal of nutrient build up
from each housing, circulating it back into theer@sir for filtration, re-heating and re-circulatioThe
reservoirs were topped up with fresh water everyweeks. Three replicate measurements of dissolved
oxygen concentration and saturation, recorded ich e@mperature chamber setup prior to the
commencement of the experiment, revealed high geetavels of oxygen saturation (>95%) and
concentration (>8mg/l) at all temperature treatmestiggesting that suitable aeration was proviged b
the experimental setup. Conditioned tap water wgddl the temperature treatment chambers had an

average pH of 7.6 and average electrical condiigtdfiapproximately 295uS/cm.

Temperature treatments

Two temperature chambers, identical to that depioteFig. 6.1, were set up at each of four intended
temperature treatments from 10 to 25°C at rough@yiftervals (thus two intended replicates at ezfch
10, 15, 20, 25°C). However even after calibratibeaters did not appear to maintain the same
temperatures in each replicate resulting rathea setup consisting of two controls at ~11°C and a
single temperature chamber replicate at each adraktemperatures: ~16°C, ~17°C, ~20°C, ~22°C,
~26°C and ~27°C (see Results section). Each réplmantained between seven and eight individuals
from boththe Molenaars River and Window Stream sites shiahd total of 15 individuals were tested

in each chamber.

All temperature chambers were placed in the sameoGE used for initial acclimation purposes and
set at + 11°C. This temperature was used as theoté@mperature, while higher temperatures needed
for all other treatments were obtained using aguameaters. As these heaters did not maintainya ver
constant temperature, HOBO® TidbiT® v2 water terapaie loggers (Onset Computer Corporation
2008) were placed in each temperature chamberctodevater temperatures every 15 minutes for one

month of the experiment duration for reference pags.

In each of the vials housing test individuals, tsmall alga covered pebbles (roughly equally sized)
were placed as a food source with the intentiokesping food as a non-limiting factor for growth.
Based on the results of a pilot study to determsimeival/growth in relation to the frequency ofelbr
food replacement treatments (weekly, bi-weekly, thiy), pebbles were replaced with fresh pebbles

collected from Window Stream site every two weeks.

Growth experiments

Results obtained in pilot studies in conjunctiothvinformation collected for newly hatched firssiar
individuals (Chapter 5), suggested that a simpigisece of post-embryonic antennal growth exists for
L. penicillata In this sequence the meriston (first generativeubus of the flagellum) divides into two

annuli which do not undergo further division. Irsttinstar nymphs, two non-dividing annuli (knows a
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singletons) are present in addition to the merisboimging the total number of annuli to three ttis
manner the antenna is lengthened from near its masme additional annulus per moult (e.g. from
instar one to instar two antennal segments/anmgiiease from three to four). Similar simplistic
antennal growth sequences have been found for &pbemeroptera, and for some Polyneoptera
(Isoptera- Fuller 1920, Blattaria, Zygentoma andheot Ephemeroptera- Qadri 1938). In other
Polyneoptera there are more complicated antenr@aitbr patterns (e.g. Plecoptera - Khoo 1964,
Brittain 1973, Orthoptera - Burnett 1951, Mantophatodea - Hockmaet al. 2009).

Based on the simple antennal growth sequence atkeantennal counts as well as measurements of
interocular distance (I0OD), body length (BL), hezgpsule width (HCW) and thorax width (TW) were
used to determine the initial age (instar numbed aize of individuals prior to being placed in
experimental treatment chambers. As far as postfil@eyoungest and smallest individuals collected
from each site were used in the experiment. Upeonnaencement of the experiment, individuals were
monitored daily for deaths and moults until alliinduals had either died or emerged. Where deaths
occurred, the dead insect as well as the housirgremmoved from the temperature chamber. Dead
individuals were preserved in 70% ethanol for reiee. Where moults occurred, the exuvia itself was
viewed under a compound microscope to obtain aarate count of the number of antennal segments
(instar stage) of the individual prior to moultinghese data were also used to confirm the antennal
growth sequence through to emergence. The orgahninad moulted was immediately photographed
live using a calibrated dissecting Leica EZ4 micope fitted with a digital camera in order to obtai
post-moult size measurements. In order to starmatte way in which images of the individuals were
taken, the individual was first carefully tranststr(using a pipette) onto a microscope slide witbva
drops of water from the its housing. A cover slimswthen placed over the individual to be
photographed in order to gently flatten the insmotl prevent distortion of the digital image to be
captured. The digital image was subsequently aedlys Leica imaging software (Leica Application
Suite - Image Analysis) in order to obtain the oas size measures (IOD, BL, HCW and TW) of the
newly moulted insect. Successive measurementsdedaon this manner after each moult provided a
measure of growth for each individual in the expemnt. After being photographed the individual was
then returned to its housing in the temperaturentdeas. This method provided the quickest, most
effective and least intrusive means to record gnomveasurements from live individuals on a regular
basis. Only two to five minutes were required fairggle individual to be measured in this manniee (t
time recorded from being removed from the tempeeatchamber to being photographed and

subsequently replaced).

Morphometric relationships between size measuresn@gd@D, HCW, TW and BL) were calculated for
individuals from each study site as well as at daafperature treatment. Similarly, summary tabfes o

size, instar, as well as antennal counts were pextifior black wingpad individuals that developed
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during the experiment (under laboratory conditioims)comparison to black wingpad individuals

collected from the wild from each study site.

LTso experiments

The setup used for the growth experiments was samebusly used to determine long-term survival
and LTs values. The constant temperatures used for thstlgrexperiment were selected in order to
provide insight into growth at the upper and lowesrmal limits experienced Hy. penicillataunder
natural conditions at the selected study sitesséach, a range of mortalities from 0 to 100% were
expected from the lower to upper thermal limitspeegively, thereby providing suitable data forsh T
analyses. Temperature chambers and individual hgsisivere checked for survival every 24 h for the
duration of the growth experiment, although for pugposes of the Lgp experiments, survival data for
only the first 25 days (600 h) were used. Aftembegently prodded or squirted with water from a
pipette, individuals that did not respond with aigns of movement were considered dead and were
subsequently removed from the experiment and platé®% ethanol for reference. The same setup
was used simultaneously for both the growth expeminand the LJ, experiments, and it should be
noted that individuals were provided with a souwtéood for the duration of the Ls§ experiment (see
temperature treatments section for details). lunldials that emerged to the subimago stage during the
course of the 600 h Ls§ experiments, though few in number, wei recorded as mortalities in the
experiments and were instead recorded as surviidgviduals for the purposes of mortality
calculation. LE, values were specifically noted at the 168 h darmatas no emergences were recorded
at any treatment during this time period thus piimg comparable L results between individuals
from the Molenaars River and Window Stream sitesaah temperature treatment without any potential

effects of emergence.

6.2.3 Statistical analyses

For the LT, experiments, estimates of upper shTvalues were obtained using the program
SPEARMAN (USEPA TSK Programme Version 1.5) whicliisgs the Trimmed Spearman-Karber
statistical method (see Hamilt@n al. 1977). No lower LT, values were measured in this experiment.
Upper LT, estimates along with upper and lower 95% confidelimits were calculated at 24 h
intervals for a 600 h (25-day) total duration. Tdesdividual estimates were plotted against
temperature treatment and analysed using lineaessgn. Where mortality was not greater than 50%
in any of the temperature treatments at a giveratohn, LTs, values could not be estimated using
SPEARMAN. Similarly confidence intervals are nobgim for data points where they could not be
reliably calculated using SPEARMAN (where the TriB0%) (see Hamiltoret al. 1977 for details).

All morphometric relationships were analysed udingar regression and plotted in R (R Core Team

2012). Growth measurements were also plotted WRi(ig Core Team 2012).
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6.3 Results

6.3.1 Temperature treatments

Temperature records collected from loggers placigdiveach of the temperature chambers revealed
that the heaters did not provide the same tempesatn each of the intended replicates, barringdha
the control at 10°C (Table 6.1) where heaters wmeteused. Variation in some cases was fairly high
and also differed among replicates (Table 6.1).tRisrreason temperature chambers, excepting &tose
10°C werenot considered true replicates and instead were useprdvide a range of exposure
temperatures from cold (x 10°C) to hot (x 27°C)tdabtained from each temperature chamber were
therefore considered separately for both thgylahd the growth experiments and this inadvertently
provided a greater range of experimental tempegattiian was originally intended. This additional

information was used to further inform both expenmts.

Table 6.1.Summary of water temperature data collected frapeemental temperature chambers used in the
growth and LT, experiments. The total number bf penicillata (n) from the Window Stream and the
Molenaars River study sites exposed at each temyperareatment are indicate§®" denotes control
temperatures.

Experimental temperature chambers
10#1°°V 10829V 15#1 15#2 20#1 20#2 25#1 25#2

Mean (°C) 10.68 10.70 15.76 16.83 19.76 21.75 25.61 26.96
Maximum (°C) 11.32 11.47 16.25 19.03 20.46 22.71 25.87 28.19
Minimum (°C) 10.39 10.39 15.03 15.58 17.77 18.87 23.49 24.34
Std. deviation. 0.096 0.116 0.180 0.313 0.400 0.557 0.226 0.251
Window (n) 7 8 7 8 8 7 7 8
Molenaars (n) 8 7 8 7 8 7 7 8

6.3.2 LT 50 experiments

The LTso values forl. penicillatafrom the Window Stream and the Molenaars Rivassitalculated at
24 h intervals for the duration of the 600 h exmemt, are shown in Fig. 6.2 and Fig. 6.3 respelgtive
Lethal temperatures calculated for individuals frioath sites were generally stable up to the 21640
duration after which they declined with increasthgation as mortality rates increased, especidlly a
the higher temperature treatments. IndividualsLofpenicillata from from the Molenaars River
exhibited upper L{, temperatures that were higher than those fromMhelow Stream after both the
168 h (23.20°C vs. 26.45°C) and 600 h durationlZT vs. 23.24°C) (Figs. 6.2, 6.3). Regression
analyses of L, values against exposure durationlfopenicillata calculated separately for both study
sites, were statistically significarp € 0.01). These regression analyses revealedrttiatduals from
the Molenaars Rivers had a steeper gradient dasgrihe relationship between kgl'values and
exposure duration compared to those from the WingStreamy = -0.0085% + 27.69,R* = 0.93, and/
=-0.0063% + 24.01,R = 0.92, respectively).
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The proportion of mortality after 168 h at each penature treatment foc. penicillata from the

Window Stream and the Molenaars River sites arevshim Figs. 6.4 and 6.5 respectivell.
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penicillata from Window Stream experienced 100% mortality athbthe 25.61°C and the 26.96°C
treatment after 168 h whereas mortality proportiohsonly 28.6% and 62.5% were recorded for
individuals from the Molenaars River at the sameagerature treatments after the same duration

exposure. A maximum of ca. 68% mortality occurmethie Molenaars River population at 27.5 °C.

Proportion mortality after 168 h

30

Temperature (°C)

Fig.6.4.The proportion mortality at each temperature tresit ofL. penicillatacollected from Window Stream
calculated after 168 h exposure. The dashed gneyiridicates 50% mortality.

Proportion mortality after 168 h

30

Temperature (°C)

Fig. 6.5.The proportion mortality at each temperature treait ofL. penicillatacollected from the Molenaars
River calculated after 168 h exposure. The dasheyllme indicates 50% mortality.

6.3.3 Antennal growth

The number of antennal segments was used as aatodpf instar number (and relative age) of each
individual of L. penicillata. The antennal segment count, as a surrogate forveae,used to stage

specimens at the start of the experiment as weilt #se penultimate moult — the black wingpad stage
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prior to emergence and also at death. These datauanmarised and compared for each temperature
treatment in Tables 6.2 and 6.3 respectively. énekperiments a greater proportion of individuedsrf

the Molenaars River reached black wingpad stagesabdequently emerged than was observed for
individuals from the Window Stream (Tables 6.2,)6/Additionally the average age or instar at which
these emergences occurred at all temperature gagdrfor individuals from the Molenaars River was
generally instar 14 (Table 6.3). This was two nmouétss than the average instar at emergence for
individuals collected from Window Stream (instar dt8control temperatures) (instar 17 at the 15.76°C
and 16.83°C treatments) (Table 6.2). No moultslé@lbwingpad stage were observed in specimens
collected from Window Stream at temperature treatm®f 19.76°C and higher (Table 6.2), while
individuals collected from the Molenaars River wéoend to emerge at all temperature treatments
(Table 6.3).

Table 6.2. Summary of age and black wingpad (BW)/emergenéerrmation of individuals ofL. penicillata

collected from Window Stream used in growth experits.“°" denotes control temperature. The two replicates at
the control have been pooled and averaged.

Temperature treatment (°C)
10.68°N 1576 16.83 19.76 21.75 2561 26.96

Number of BW individuals 4 5 7 0 0 0 0
Total number of mortalities 11 2 1 8 7 7 8
Average instar at BW 18 17 17 - - - -
Average instar at start of experiment 12 12 13 13 13 13 13
Average instar at death 17 17 17 14 13 13 13

Table 6.3. Summary of age and black wingpad (BW)/emergencerimition of individuals ofL. penicillata
collected from the Molenaars River used in growkpeziments.“°™ denotes control temperature. The two
replicates at the control have been pooled andageel

Temperature treatment (°C)
10.68°N 1576 16.83 19.76 21.75 2561 26.96

Number of BW individuals 10 6 7 7 2 1 2
Total number of mortalities 5 2 0 1 5 6 6
Average instar at BW 15 15 15 15 14 15 15
Average instar at start of experiment 13 13 13 14 13 14 14
Average instar at death 15 15 15 15 14 15 14

6.3.4 Growth experiments

Plots summarising size (increase in 10D) over timfeindividuals ofL. penicillata from both study
sites at each temperature treatment are providefippendix 6A. The same data were collated to
produce plots of growth (% change in IOD per daggiast instar number at each temperature treatment
for all individuals from the Window Stream and tHlelenaars River sites respectively (Figs. 6.6,.6.7)
Individuals from both the Window Stream and the &falars River exhibited higher growth rates at
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higher temperatures, with fastest growth at 15.783@ 16.82°C. Growth rates at the 19.76°C treatment
were almost as low as growth in the controls (10)7AFigs. 6.6, 6.7). Growth rates bf penicillata
from Window Stream in the 15.76°C and 16.82°C tretts initially increased for instars 12-14 after
which growth rates declined to values only slightigher (at instar 17) than what they were at insta
12. The trends in growth rate &f penicillata from Window Stream at the 15.76 and 16.82°C
treatments were in contrast to growth rates foividdals in a) the control where such a pronounced
initial rise was not visible and values stayed mordess stable and b) the 19.76°C treatment where
growth rates exhibited a slight decline. Similaniils were observed but were not as clear in thetigro
rates of individuals from the Molenaars River. A¢ twarmest temperature treatments of 21.75, 25.61
and 29.69°C, insufficient data were available todpice growth curves fdr. penicillatafrom either

study site, owing to a combination of mortality amdergence.
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Fig. 6.6.Growth ofL. penicillata(percentage increase in interocular distance -I@#-day) collected from the
Window Stream shown against instar number at diffeexperimental temperature treatments. Solid Witk
closed circles = 10.68°C (both control replicatesrged), dashed line with open circles = 15.76°@tinent,
dashed line with closed triangles = 16.83°C treatpaotted line with crosses = 19.76°C treatment.
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Fig. 6.7.Growth ofL. penicillata(percentage increase in interocular distance -I@#-day) collected from the
Molenaars River shown against instar number aéudifit experimental temperature treatments. Siokdwith
closed circles = 10.68°C (both control replicatesrgrd), dashed line with open circles = 15.76°@tinent,
dashed line with closed triangles = 16.83°C treatpeross = 19.76°C treatment.

The average growth against temperature treatmertt. fpenicillatafrom both study sites is shown in
Fig. 6.8. The graph comprises the average grovighafaall the individuals from each site in eachhef
temperature treatments, irrespective of instar rarb penicillatafrom the two sites showed almost
identical trends in growth, with optimum growth aagng in the 16.83°C treatment, after which
growth declined in the 19.76°C treatment to legsilar to those observed in the control (Fig. 6.8.
The average proportion of growth per day in all gemature treatments was however consistently
higher forL. penicillatacollected from the Molenaars River when compaced. penicillatafrom the

Window Stream, which also revealed greater vaiitgl{iFig. 6.8.).
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Fig. 6.8. Average growth ofL. penicillata (percentage increase in interocular distance -1Q&-day) from
collected from the Window Stream and the MolenaRiger sites at different experimental temperature
treatments. Dashed line with closed circles dendeslow Stream, solid line with crosses denotesdviahrs
River. Bars indicate range of growth values.

6.3.5 Inter-moult duration

The average time (number of days) between moulssfaand to decrease by a factor of almost 2.5 at
the highest temperature treatments compared tcothiieol temperature fdr. penicillatacollected from
both the Window Stream and the Molenaars Riverh witlividuals from the latter exhibiting longer
inter-moult duration at the control than the forr(feig. 6.9). Trend analysis revealed that powevesir
best explained the relationship between temperadanck the average time between moults lfor
penicillatafrom both sites (Fig.6.9). Fdr. penicillatafrom both sites the average time between moults
decreased with increasing temperature, howeveeepst gradient was observed in insects from the
Molenaars site. The equation of the power curvedito the data from the Molenaars River was y =
895.78x"%", R? = 0.96 while the equation of the curve fittedtie data from the Window Stream was y
= 239.14%% R? = 0.93 (see Fig. 6.9). On average moults at theraboccurred every 30 days
compared to every 15 days at 19.76°C and evenag® at 25.61°C.
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Fig. 6.9. Average time taken between moults lof penicillata collected from the Window Stream and the
Molenaars River sites at different experimental gerature treatments. Solid line with closed ciradesiotes
Window Stream, solid line with crosses denotes Madxs River. Dashed grey lines represent poweresurv

fitted to data from both sites (Molenaars River: $95.78%-%*" R = 0.96; Window Stream: y = 239.12% R
=0.93).

6.3.6 Morphometric relationships

Linear trends revealing isometric growth were obsérin morphometric relationships of all body size
measurements recorded from individuals used igtbeith experiments from both the Window Stream
and the Molenaars River (Figs. 6.10 and 6.11 rdisdy). Summaries of the regression analyses
however indicated that the gradients of these timektionships differed slightly fok. penicillata
collected from the two study sites (Table 6.4)shbuld be noted that these plots represent pseudo-
replicated points as the same individuals (rou@@yndividuals per site) were measured each tirag th

moulted.
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Fig. 6.10.Morphometric relationships between body part meaments (BL- body length, HCW- head capsule
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in growth experiments. Data points represent measents recorded from the same individuals (initial 60)
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Fig. 6.11.Morphometric relationships between body part meaments (BL- body length, HCW- head capsule
width, 10D- inter-ocular distance, TW- thorax widlthf L. penicillatacollected from the Molenaars River used
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Table 6.4. Regression analysis summary of morphometric miahips between body part
measurements (BL- body length, HCW- head capsuldthwilOD- inter-ocular distance, TW-
thorax width) ofL. penicillata collected from the Window Stream and the Molend&iker sites
used in growth experiments. Standard deviationeshre indicated in brackets.

Gradient (m) Intercept (y) R? Significance

Window Stream

TW vs. I0OD 2.113 (0.028) 0.076 (0.014) 0.955 p<0.001
HCW vs. IOD 1.555 (0.014) 0.152 (0.007) 0.980 p<0.001
BL vs. IOD 9.292 (0.129) -0.911 (0.066) 0.951 p<0.001
HCW vs. TW 0.710 (0.009) 0.125 (0.011) 0.957 p<0.001
BLvs. TW 4.296 (0.060) -1.129 (0.070) 0.950 p<0.001
BL vs. HCW 5.889 (0.089) -1.738 (0.085) 0.942 p<0.001
Molenaars River

TW vs. IOD 1.786 (0.048) 0.236 (0.030) 0.884 p<0.001
HCW vs. IOD 1.299 (0.026) 0.287 (0.017) 0.931 p<0.001
BL vs. IOD 9.197 (0.297) -1.001 (0.188) 0.841 p<0.001
HCW vs. TW 0.673 (0.017) 0.190 (0.023) 0.900 p<0.001
BLvs. TW 4.905 (0.146) -1.883 (0.199) 0.863 p<0.001
BL vs. HCW 6.843 (0.218) -2.778 (0.241) 0.845 p<0.001

Comparisons of the body size measurements of ¢i@lgyht black wingpad individuals with those of
black wingpad individuals obtained in the growtlpemments is summarised Table 6.5. Body size
measurements of naturally collected black wingpadividuals ofL. penicillata from the Window
Stream were on average marginally smaller (but with to three fewer moults) than black wingpad
individuals from growth experiments. In compariso@turally collected black wingpad individuals
from the Molenaars River were slightly larger, buth the same number of moults as those obtained
from growth experiments. At the Window Stream, egeece ofL. penicillatawas observed to occur
during the summer months of December through taiagmn with a peak in December. At the
Molenaars River emergence was recorded from Octhibengh to November, with a peak observed in

late October/early November (see Chapter 5).
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Table 6.5.Comparison of body part measurements (BL- bodgtlerHCW- head capsule width, 10D- interocular
distance, TW- thorax width) and average instar lafck wingpad specimens df. penicillata obtained from
laboratory growth experiments and also from natpogdulations from the Window Stream and the Molen&iver
sites. Standard deviation values are indicateddokets.

Site N  Treatment IOD (mm) HCW (mm) TW (mm) BL (mm) i:;;
Experiments

Window 4 10.68°C 0.680 (0.048) 1.207 (0.068) 1.4®724) 5.409 (0.412) 18
Window 5 15.76°C 0.657 (0.027)  1.158 (0.054) 1.4¥Q@25) 5.457 (0.418) 17
Window 7 16.83°C 0.662 (0.018) 1.152(0.032) 1.4®081) 5.416 (0.269) 17
Molenaars 10 10.68°C 0.679 (0.027)  1.169 (0.038) 449.(0.064) 5.218 (0.357) 15
Molenaars 6 15.76°C 0.660 (0.027)  1.148 (0.023) 30 ®.059) 5.079 (0.215) 15
Molenaars 7 16.83°C 0.644 (0.011) 1.121 (0.020) 89(®.038)  4.983 (0.253) 15
Molenaars 7 19.76°C 0.684 (0.019) 1.177 (0.042) 48(®.043) 5.271 (0.239) 15
Molenaars 2 21.75°C 0.679 (0.019) 1.182(0.047) 14.(®.047) 5.316 (0.284) 14
Molenaars 1 25.61°C 0.688 1.169 1.410 5.124 15
Molenaars 2 26.69°C 0.684 (0.033) 1.149 (0.055) 31(®.112) 5.487 (0.206) 15
Natural

Window 10 Natural 0.656 (0.026) 1.184 (0.065) 1.88068) 5.480 (0.375) 15
Molenaars 10 Natural 0.694 (0.054) 1.247 (0.077) 540.0.154) 6.110 (0.506) 15

6.3.7 Comparison of natural stream temperatures at eachite

Water temperature records collected at each stitdypsior to the experiment revealed that the
Molenaars River was on average almost 2°C warman the Window Stream over the late-spring
month of November and almost 2.5°C warmer overstiramer months of December- February, with a
noticeably higher standard deviation over this gubr{Fig. 6.12). Water temperatures appeared to
converge somewhat at both sites over the autumnhmai March-May, along with generally lower

standard deviation values (Fig. 6.12). Water termpee data available from both sites are summarised
in (Table 6.6).
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Fig. 6.12. Comparison of hourly water temperature data ctdbdrom the Window Stream (blue) and the
Molenaars River (red) study sites from November@@0OMay 2009 prior to the commencement of the ghow
experiments.

Table 6.6. Comparison of seasonal average, maximum and mminvater temperature calculated from hourly water
temperature data collected from the Window Streaththe Molenaars River study sites from Novemb&82@ May
2009 prior to the commencement of the growth expenits.

. Ave. water temp. Max. water Min water
Site Season Month(s)/year P

(std.dev.) temp. temp.
Molenaars late spring Nov (2008) 17.88 (1.782) 21.5 14.43
Window late spring Nov (2008) 15.85 (0.975) 17.86 3.8b
Molenaars summer Dec (2008)-Feb (2009) 20.46 (2.074  25.31 15.06
Window summer Dec (2008)-Feb (2009) 18.08 (1.184) 1.7@ 14.61
Molenaars autumn Mar-May (2009) 16.66 (3.448) 24.48 9.98
Window autumn Mar-May(2009) 16.23 (2.152) 21.86 1.

6.4 Discussion

Thermal tolerance limits and the sublethal effefteemperature on phenological traits such as drpwt
and emergence cues, gleaned from laboratory stuplieside a valuable component to life-history
studies based on serial field samples. Such datamy allow for a more accurate interpretation and
confirmation of field-collected life-history dataibalso provides information which is important tbe
generation of management guidelines for protectibraquatic ecosystems in the face of on-going
alteration of thermal regimes. In this study themtiogical traits of two genetically distinct lirges of
the L. penicillataspecies complex collected from sites experiendiffgring natural thermal regimes

(Window Stream colder/less variable - MolenaarseRiwarmer/more variable) were differentially
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expressed when reared under laboratory conditibrassrange of constant water temperatures, while

photoperiod and food source were kept constant.

6.4.1 Antennal growth

This is the first study to detail the post-embryoantennal growth as well as the total number of
nymphal instars of a South African mayfly. The sienpntennal growth sequence observed, in which
the meriston of the first annulus divides into ttwoproduce an additional segment each moult, was
confirmed to continue until emergence. It providesimple and useful means of accurately identifying

the instar (a surrogate for age)Lofpenicillatain ecological studies.

The total number of nymphal instars in both popatet of femaleL. penicillata was found to be
variable in the laboratory, both within and amoemperature treatments, ranging from 13 to 16 in the
Molenaars River population and from 16 to 18 in YWedow Stream population. In contrast, the
natural populations from both sites in the fieldrevéound to have consistently undergone 15 instars
(i.e. the same number of antennal segments) btirtteethey reached maturity (black wingpad stage).
While certain aquatic insect taxa have a fixed nemdf instars (e.g. most Trichoptera have fivedarv
instars, one pupal instar and one adult instaheroinsect orders (particularly basal groups such a
Ephemeroptera - Brittain 1976a, and PlecopterdietER009) can have a variable number. The total
number of nymphal instars In penicillatais towards the lower end of the range that has begorted

for other ephemeropteran families of between 105h(Brittain 1982).

6.4.2 Upper thermal tolerance limits

The 168 h (7-day) and 600 h (25-day) durationsplMalues determined in this study provide an
indication of thermal tolerance limits over timearfres that are better suited to gauge the gradual
ecological-physiological effects of thermal altevatexpected from deforestation, hypolimnetic and
epilimnetic dam release strategies and even sasnafi global climate change (e.g. more variable
climatic conditions for certain months of the yeaglditionally, they offer a useful contrast to tmere
common and shorter term (4-day) 4% or CTM experiments. Lfvalues obtained at the 168 h (7-day)
and 600 h (25-day) duration differed flor penicillata collected from the two sites, with those from
Window Stream showing thermal limits that were lowg almost 3.2°C (at both durations) compared
to those from the Molenaars River. The values ttegohere for the 168 h duration (23.20°C Window
Stream vs. 26.45°C Molenaars River) are substhnt@ler than those previously reported by Dallas
& Ketley (2011) for this species (also collectednfr Window Stream) using a 96 h §5129.5°C), an
extrapolated 168 h Lsf (27.8°C) and CTM experiments (CTmax of 33.2°C).i/the results from the
600 h duration show even lower thermal tolerancetdi for L. penicillata from both sites (20.13°C
Window Stream vs. 23.24°C Molenaars River) when mamad to those of the 168 h duration, the

results should be interpreted with caution owinghe effects of emergence on mortality calculatiasis

193



Chapter 6

well as wider confidence intervals. Neverthelessséhresults suggest that this species may be more
thermally sensitive than previously thought and ewaimt closer to limits reported for other
Gondwanan relictual fauna (e.g. Notonemouridae g@&minanicerca (see Dallas & Ketley 2011 and
Dallas & Rivers-Moore 2012).

The above mentioned discrepancies in theEDf this study and that of Dallas & Ketley (20Tbuld
however be as a result of a) a true reflectiorhefrhal limits at longer duration exposures compaoed
short term exposures, b) different instar individuzollected at different times of the year beisgdiin

the two experiments, where thermal limits mightgmaially vary with instar (i.e. ontogeneticaffyfsee
Lutz 1968, Heiman & Knight 1975, Bowler & Terblamci2008), c) slightly different experimental
methods (thermostatically controlled flow througfstem vs. aerated containers kept in different CE
rooms for each temperature treatment) or d) thectdf of different acclimation methods used
(Terblancheet al. 2005, 2007, Jumbarat al. 2008). Recent experimental work (Dallas & Ross-
Gillespie 2013, unpublished data) has shown thatthiermal tolerance limits (168 h or 7-daysp)T
calculated folL. penicillata, collected from Window Stream in August 2013, w2215 C. This value

is far closer to the 168 h IsJof 23.2C reported in this study and could suggest thaenicillatahave

a higher thermal tolerance during early-instar esagompared to later-instar stages. Early-instar
individuals would experience warmer water tempeestu over the summer months of
December/January through to March/April comparelter-instar individuals which experience lower
water temperatures in early spring (September/@cjolollowing winter rains and high flows. The
potential for ontogenetic shifts in thermal tolesandimits, while highly likely, would however ne¢a

be confirmed through further experimentation.

The findings of Chapter 3, suggested that therst®x putative species complexLofpenicillatawith
individuals from the Molenaars River and Windoweain sites representing two distinct lineages of
this species complex. The results presented helieate that differences do indeed exist between
thermal tolerance limits of these two geneticaliyedgent lineages of a larger species complex.
Additionally, the LT, results (both the 168 h and 600 h duration) ase & close accord to the
findings of experiments conducted on the thermaiité for egg development in this specids (
penicillata collected from Window Stream) (Chapter 5) whiclowhd an upper thermal limit for egg
development of between 20 and 25°C - thus provitive independent lines of evidence for defining
upper tolerance limits for this species. Overadisia findings of thermal limits, both the dgTesults and
the egg development results of Chapter 5, alsccigrwith reference water temperature data coldecte
from the two sites (Fig 6.12 and Table 6.6) (s&® &hapter 2). These data revealed that Molenaars
River was on average approximately 2°C warmer iWamdow Stream with greater standard deviation

as well as maximum temperatures experienced oeendttest parts of the year (December-February).

% L. penicillata used in the study by Dallas & Ketley (2011) wendlacted in early autumn (the months of
March/April), where as in this study penicillatawere collected in October.
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In effect this suggests that warmer thermal regimigk greater variability can result in individuals
evolving higher thermal tolerance limits and a tgeaapacity to respond to altered thermal regimes
obviously where this is within the limits of othespects of their developmental biology (e.g. egg
development limits, dissolved oxygen limits for piation). The differences in the variability of
thermal regimes at the two sites relates to thetiedivergence observed between the two population

at these sites - likely interspecific genetic diffeces.

6.4.3 Effects of temperature on growth and thermal optimafor growth

Growth rate in relation to instar showed an initrdrease at instars 12-13 in the control and T&76
treatments and at instars 13-14 in the 16.83°C e¢eatpre treatments, followed by a period of sustin
higher growth which gradually declined at latertams prior to emergence (Figs. 6.6, 6.7). Thigahit
increase in growth rate could be owing to individuadjusting to water temperatures warmer than
ambient stream temperatures from which they watiliy collected. In contrast, the declining grdwt
at later instars and larger body sizes is a tresmdneonly observed in many ectothermic organisms
including aquatic insects (McDiffett 1970, Knig#ital. 1976, Brittain 1983, Atkinson 1994, Angilletta
et al. 2004). Such a decline could also be as resultreftgr amounts of energy potentially being
directed to reproductive development (e.g. gonagtalwth) and developmental reorganisation as
opposed to growth (e.g. body size) at higher teatpess in late-instar aquatic insects especiathgeh
just prior to their penultimate moult or black wpaygl stage (Knighgt al. 1976, Angilletteet al. 2004).

When reared under the same environmental conditiotise laboratoryl. penicillata collected from

the Molenaars River consistently exhibited higheswgh rates at all temperature treatments when
compared toL. penicillata collected from the Window Stream (Fig. 6.8). Hoeevthe thermal
optimum for growth for individuals from both sitesnverged at around 15-18°C, with a noticeable
decline in growth at temperatures exceeding 18°@e @pparent capacity of the population Lof
penicillata from the Molenaars River to grow at faster ratesntthe population from the Window
Stream at temperatures outside the thermal optinsusuggestive of adaptation to differing natural
thermal regimes (Fig. 6.12 and Table 6.6). The Madaes incurs a more variable thermal regime and as
such, growth of individuals from this river coul@ lexpected to be less affected at a greater range o
temperatures within the thermal tolerance limitg.(B.12). Ultimately this site specific adaptatittn
differing thermal regimes and environmental comndisi at the respective locations (Fig. 6.12 andd abl
6.6) could result in genetic divergence betweersghpopulations. Alternatively, speciation and
accumulation of general genetic divergence couldude local thermal adaptation however local
thermal adaptation might also be expected to okcthie absence of speciation. In either case, genet
differentiation has been shown in Chapter 3 andhtnidso explain the slight differences observed in
morphometric relationships (more specifically tlegression gradients) for the two populationd of
penicillata(Figs. 6.10, 6.11 and Table 6.4).
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Overall trends in growth rate and thermal optimadgmwth, calculated from laboratory experiments,
coincided closely with those modelled from montfigld samples which comprised life-history data

for populations of this species complex occurrimgeveral localities (Chapter 4).

6.4.4 Effects of temperature on emergence

In L. penicillatafrom the Window Stream, the slowest growth rateseoved in the control resulted in
delayed emergence (two to three months), longerivalr(up to six months longer than normal),
additional moults (an average of three extra mpbksng added to the life-history, as well as glgly
larger body size at emergence compared to indilsdnavarmer treatments and those found naturally
(Table 6.5). At warmer temperature treatments @%7and 16.83°C) inter-moult duration decreased
by a factor of 1.6 (from 27 days at the controliodays at 15.76°C) (Fig. 6.9), resulting in theiea
onset of emergence compared to the control. Emeegeming at these warmer treatments coincided
more closely with those that emerged naturally\berte still delayed by up to one month. Individuals
that emerged at these treatments were found toddded an additional two moults on average to their
natural life cycle even though they emerged atssim@mparable to individuals that emerged under
natural conditions. Such a finding supports thempensation scenario” (Espegk al. 2007) whereby
additional moults and a greater number of instauigicurred under adverse conditions (i.e. condstion
that are suboptimal for growth but where tempeestuaire not yet approaching the upper tolerance
limits) where a species-specific threshold size teade reached before emergence can take place
(Nijhout 1975, 1994). The population from the Wimd8tream did not show accelerated emergence at
temperature treatments warmer than the naturaitderegime at the time of emergence (19.76°C,
21.75°C, 25.61°C and 26.96°C). This might be beedlese temperature treatments approached upper
LTso tolerance limits for this population (168 h - 28€ and 600 h - 20.13°C) and as such only

mortalities were recorded.

Individuals ofL. penicillatafrom the Molenaars River at the control were fotm@&merge almost two
months later than those under natural conditioasay the same average age/instar as and comparable
body size to individuals that emerged under nawatlitions (Table 6.5). This can be explainedHzy t
fact that average inter-moult duration was twicelaagy at the control (+ 38days) compared to the
15.76°C treatment and this was observed to be kreger than Window Stream individuals at the
control (Fig. 6.9). At warmer treatments (15.76%% d46.83°C), body size measurements and instar at
the time of emergence were comparable to indiveluaeasured under natural conditions though
emergence was still delayed by approximately o laadf months. At both the 19.76°C, 21.75°C
treatments emergence occurred approximately ondhmater than natural, while at the 25.61°C and
26.96°C treatments the timing of emergence of @énpmtally reared individuals appeared to coincide
with the timing of emergence for individuals cotied naturally. Similar findings of both advancement

and retardation of emergence, in conjunction whhnges in inter-moult, as a result of altered water
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temperatures have been observed for other ephetesnp.Leptophlebia vespertinBrittain 1976a)
Leptophlebia cupidgClifford et al 1979), six species of the gerfaghemerellgSweeney & Vannote
1981).

The observed retardation and delayed emergente genicillatain growth experiments compared to
those under natural conditions thus appears torbadaptive plastic response in the life-history
(Atkinson 1994, Angiletteet al. 2004, Robinson & Buser 2007). This could be diyectlated to
natural thermal regimes (Fig. 6.12) experiencethatrespective sites to which the two speciek.of
penicillata have become adapted. However, the very diffeesganse in terms of inter-moult duration
exhibited byL. penicillatafrom the Window Stream compared lto penicillata from the Molenaars
River at the control temperature provides furthedence for genetic differentiation between these
populations. This plastic response of emergencerabd for populations df. penicillata could have
allowed this species complex to become more tenipoaad spatially resilient to altered thermal
regimes (Harper & Peckarsky 2006), in turn leadimgts current widespread distribution throughout
the Western Cape of South Africa. Based on itstgretmlerance in the upper thermal zone, it is
predicted that thd_estagellaspecies at the Molenaars River might be expeatetiave a wider

distribution within the Western Cape Province.

6.4.5 Water temperature effects on body size at emergence

The Window Stream population exhibited slowest dlowates, increased inter-moult duration and

additional moults being recorded at the control gerature, which resulted in greatly delayed

emergence (up to five additional months) and diglairger body size at emergence compared to their
counterparts in nature. These findings were in @zooe with the temperature-size rule or thermal
plasticity of body size (Atkinson, 1994, 1995, Atkonet al 2003, Angilettaet al.2004).

However the population from the Molenaars Rivethatcontrol also revealed slower growth, but had a
comparatively higher inter-moult duration whichuked in no additional moults being added and a
marginally smaller body size at emergence comptrdbeir counterparts in nature. While Cliffoet!

al. (1979) reported that inter-moult periods taptophlebia cupidébecame progressively longer as
nymphs became older, in this case nymphs from thkeehdars River at the control temperature were
not older than those from the Window Stream yetl®tdd longer moult durations. Thus the different
growth response at the low control temperatureszdsmt these populations, under the same laboratory
conditions, is attributed to genetic differencesidionally the findings that a) the experimental
population from the Molenaars River was slightlyadler in body size at the time of emergence at the
colder control temperature when compared to thesiunal counterparts and b) that no major difference
were observed between experimental individuals #raerged at each temperature treatment, are
intriguing as these are not in accordance withtéhgperature size rule (Atkinson, 1994, 1995, Atkins

et al 2003, Angilettaet al. 2004). This may also be attributable to the natuaaiation of body size
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measurements observed at each instar (Table 6fx)ssibly to a small degree of intraspecific geneti
divergence between individuals used in the experimmeHowever, another perhaps more plausible
explanation for this might be a nutritional fac{@rittain 1976b, Brittain 1982, Cabanita & Atkinson
2006). While both laboratory populations were pded with excess food, this food was collected from
the Window Stream a shaded stream with differentrenmental conditions (potentially lower algal
production) compared to the Molenaars River (amapee with higher algal production). As such, the
population from the Molenaars River was providedhwa food source collected from the Window
Stream to which the population naturally occurringhis stream could have been pre-adapted to but
not the population from the Molenaars River - ptigdly resulting in slightly reduced growth. Thiaid
one cannot discount other factors not measurehlisnstudy (e.g. effect of variable thermal regiraes
opposed to constant thermal regimes on growthcsffef varying food availability under natural
conditions to growth) that may have resulted inhsdindings, especially since growth rates of
ephemerellid mayflies from both open and closesksit a study by Hawkins (1986) were shown to be

similar.

6.4.6 Experimental setup and limitations

The experimental flow-through system designed asetiun this study proved to be efficient, reliable
and cost effective for rearirlg penicillata. The same setup could be used to rear many diffepaties

of aquatic organisms with simple modifications méaléhe housings and adjustments of the flow rates
of the pumps. Basic pilot studies would also beefieial as they can be used to determine the correc

food source/rate of food change.

Water temperatures collected during the courséerowth experiments using HOBO® TidbiT® v2
water temperature loggers (Onset Computer Corpora2008) revealed that heaters used in the
experimental setup were unreliable even after bealdprated against a thermometer. It is therefore
suggested that all future calibration proceduresubgertaken using similar loggers (logging at 15
minute intervals) over a period of at least twosdadternatively, with a larger budget, higher dual
heaters could be used or the system could be raddifir use in precision water baths. Despite the fa
that heaters were unable to provide replicate teatpess at the intended interval of 10°C, 15°C,Q0°
and 25°C, the final temperature range obtaineché dtatic temperature setup provided a suitable
experimental method for determining growth ratesl aso thermal tolerance limits using dsT

procedures.

Future studies of this species should aim to determgrowth rate and secondary productivity for the
entire life cycle. Smaller individuals, perhaps m¥iest or second instar, can be used to commdmnee t
growth experiment and sex can be determined rednbisiely to compare growth rates in male and
female individuals. Information of this sort wilelp to determine whether different thermal optiroa f

growth exist at different stages of developmentabsuccessive instars. For instance several studies
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(Brittain 1976a, Sweeney & Vannote 1978, Cliffeed al. 1979) have shown that mayflies exhibit
ontogenetic shifts in growth rates. dglexperiments could thus also be repeated over g tlerm but
with individuals of different instar stages/rel&iages to determine if indeed upper thermal toteran
limits too also change at different stages of tfeedycle. Additionally growth rates at all instazan be
compared to determine whether a) earlier-instaividdals might exhibit higher growth rates in
comparison with later-instar individuals and b) wies a period of synchronisation is achieved thhoug
rapid growth, that exists in later-instar indivitkiand 60-90 days prior to the penultimate moult of
many species (see Newbatal. 1994), under controlled constant temperature enuients (i.e. in the
absence of environmental cues such as photopetliocteasing variation in water temp,
increasing/decreasing availability of food).
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General discussion and synthesis
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A central theme of ecology is to understand andagxphe spatial and temporal differences in specie
assemblages in different environments at varioadesc(Levin 1992). This entails identifying and
investigating the environmental triggers and dsvef life cycle phenology. Species responses
incorporate a number of inter-related traits corabdinnto complex adaptations that are ultimately
expressed as life-history phenology (see Verharial. 2008). Aquatic insects inhabit variable and
dynamic systems and are subject to a wide rangghgs$ical fluctuations ranging from floods to
droughts and also temperature changes (Reah 1988, Lytle 2002, Arthingtomet al. 2006). Because

of the dynamic habitat they occupy and the numerselective pressures they face (e.g. food
availability, predation, varying thermal regimesyvigonmental disturbances such as floods), aquatic
insects in lotic systems provide an ideal frameworkinderstand how spatial and temporal differences
in the adaptations of aquatic organisms, spediidik-history patterns, evolve in response to the
environment. Streams in Mediterranean-type ecosystas found in the south-western parts of South
Africa, are well suited to such investigations heyt are generally considered to be governed by
predictable seasonal cycles (Gasith & Resh 1998a£3013) yet are also "predictably unpredictable”
(Davieset al. 1995) (i.e. high flows are predictable every wintget the magnitude and number of
floods within a season are unpredictable). In thesis six perennial streams in the Western Cape of
South Africa were selected to provide a gradienth&rmal and hydrological regimes (Chapter 2)
against which to contrast the life-history trait§ three genera of aquatic insectsegtagella

Ephemeropter&phanicercella Plecoptera an@himarra: Trichoptera).

Life-history patterns of aquatic insects elsewhbewe revealed great variability across different
environments, especially with respect to aspeath s voltinism, larval development time, timing of
hatching and emergence synchronisation (Cliffor821%Brittain 1990, Merritt & Cummins 1996).
Variability in life-history patterns both within dramong populations of different (and even the $ame
species occurs as a result of the interaction néges and the environment, which together driag tr
adaptations (Scheiner 1993, Lytle 2008, Pfereti@l. 2010). Ideally an organism would be able to
adjust its life-history pattern or behaviour toheit cope with or avoid the environmental change or
disturbance. Phenotypic plasticity facilitates thiscess. The local adaptation of metapopulatidres o
species is a first step to coping with local enwnental conditions. This adaptation can resulime
degree of genetic variation between the metapdpuokagiving rise to a number of genotypes. Certain
traits can be plastic for a given genotype thougth the degree to which these plastic trait response
effect classical adaptation lies in the processvhich they effect fitness and are exposed to select
(Whitman & Agrawal 2009, Robinson 2013). Subsequeimtnotypic plasticity of the genotypes
therefore likely reflects a finer scale processwyich organisms cope with/avoid environmental
changes. Concurrently though, the adaptive procasslso be constrained by the phylogenetic history
of the organism (Reskt al. 1994, Lytle 2008). For example some basal taxa ea@utionary
conservative, with all clade members being resttidb certain life cycle durations, number of msult

and also development trajectories and this in ¢am define the environments they can inhabit a$ wel
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as their distribution ranges (see Mckae al. 2004, Poffet al. 2006b). Studies which are able to
incorporate molecular analyses in conjunction Wigkhistory information are therefore able to pice/
greater insight into the role that phenotypic ptétst and genetics play in governing the variakiii
life-history patterns sometimes observed at theufadion level (Avise 1994). For this reason molecul
analyses were used to compare the genetic diveggeintarget taxa amongst sites used in this study

(Chapter 3) in order to better interpret detailéathistory information (Chapter 4).

A common shortfall of life-history studies that Us&ly course sampling regimes and/or inappropriat
sampling equipment, however, is a lack of informatiegarding the fate of eggs and first-instardarv
(Hynes 1970, Suter & Bishop 1980, Butler 1984,d&llIP009). Such information is crucial to correctly
interpreting life-history patterns and the timinigspecific traits, e.g. oviposition and hatchingh(&pel

et al. 2006). In this study while a fine mesh net (80wvaks used to ensure the collection of first-instar
hatchlings, gaps were nevertheless observed infidhe-collected life-history data. Detailed egg-
development experiments for each of the three tat@ea in relation to water temperature were
therefore conducted (Chapter 5) to better elucifiel#-collected life-history data, as well as toyide

useful information regarding the thermal toleranaesgg development.

Nevertheless, life-history information gatheliedsitu for populations in different environments, even
when accompanied by molecular analyses, may in nsasgs be insufficient to determine how trait
values respond to specific environmental conditi@g. temperature) via phenotypic plasticity. Tikis
because of any number of additional site specdinditions that are not held constant among sitat th
can influence life-history responses (e.g. foodilakdity, predation) (Sweeney & Vannote 1986,
Robinsonet al. 1992). In these circumstances a combination ofl fiklta and controlled-environment
experiments conducted in the laboratory or recigirdcansplant experiments provides a basis for
teasing apart the extent to which certain lifedrigttraits are plastic vs. genetically controlleada
which factors are responsible for driving thesec#eadaptive or non-adaptive traits (e.g. Posttha
al. 1995a, 1995b, Miller & Hendricks 1996, Zhang & Mgjvist 1996, Shama & Robinson 2009). Such
an approach, using a controlled-environment lalboyaexperiment, was used here to investigate a
number of traits including growth rate, timing ohergence, size at maturity and inter-moult duration

in individuals of one of the target taxaestagella collected from two different study sites (Chay@gr

Overall, understanding how phenotypic plasticityrait heritability can affect an individual organi's
or a population’s ability to cope with differentvionmental conditions through the expression of
variable life-history patterns is important for exffive conservation, setting appropriate guidelifoes
environmental flows and the Ecological Reservegriming policy and also predicting impacts of global

climate change and the ability of species to ataptich changes.
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7.1 The evolution of life-histories

Major driving forces behind such adaptations angpteral and spatial changes in a habitat whichrin tu
affect its suitability for feeding, survival, remhaction and the overall success of a species. @ver,

the environment changes and the degree, duratidrpeedictability of these changes are key factors
influencing key adaptations (Verbeeét al. 2008). Adaptations can be morphological, behawabar
physiological in nature and collectively they irdhce an organism's life-history pattern (Lytle 2008
Robinson 2013). Owing to the dynamic nature otlettosystems, different suites of abiotic variables
(e.g. substrate, channel morphology, depth), enmiental conditions (e.g. water quality, temperature
flow) in conjunction with varying biotic factors .¢e predation, competition) provide a multitude of
habitats for aquatic insects in which to compldieirtlife cycles. The influence of these variabbes

life cycle timing and duration are often interreldtand complex but have a pronounced effect. Aguati
insects exhibit a range of life cycles that varydaration from less than three weeks (e.g. some
Baetidae, Chironomidae, Culicidae) (Merritt & Cumsil996, Reynolds & Benke 2005) to several
years (e.g. Ameletidae, ElImidae, Perlidae, Polywidae and some genera within the Odonata and
Megaloptera) (Pritchard & Zloty 1994, Sweenetyal. 1995, Merritt & Cummins 1996). Syntopic
species do not necessarily all display a singéeHistory pattern and similarly those with the sdifiee
history pattern are not always limited to the sdrabitat (Verberket al. 2008). As the study of life-
histories incorporates an organism's entire devedop from egg to senescence, for aquatic insdiss, t
includes the close inspection of a number of lifgdry traits such as: life cycle length or total
development time, growth rates, size at maturitying of emergence, adult life-span and dispersal
ability, fecundity, egg development time-requiretp@uiescence and diapause, timing of hatching and
hatching success and mortality. Adaptations leatbhnghanges in these, often interrelated, tratsinn
cost-benefit tradeoffs with respect to overall dgs (Stearns 1976, Southwood 1988, Stearns 1989,
Rowe & Ludwig 1991, Nylin & Gotthard 1998). Naturaklection pressures then ensure that

adaptations with the lowest cost-benefit tradepfés/ail in a given landscape.

As such, aquatic insects have evolved a numbefeshistory patterns and adaptations allowing them
to maximise fitness, utilise favourable periods fgrowth and timing for emergence, evade
unfavourable conditions (e.g. droughts, spatesethdl temperature thresholds), minimise compeitiv
effects and essentially survive comfortably witthie constraints of the abiotic and biotic environine
(Merritt & Cummins 1996). For example when orgarssane faced with "seasonal time constraints"
(Rowe & Ludwig 1991, Johansson & Rowe 1999) forelepment (such as winter freeze periods or
summer droughts) and growth rates are maximisadetoffs between age and size at maturity can be
expected. Insects may develop at a faster rateeamefge earlier in order to avoid unfavourable
conditions, but at the cost of emerging at a smaliee thereby reducing fitness (Nylin & Gotthard

1998). However when differences in growth rate hadaptive value that is optimised, such trade-offs
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are not necessarily expected and some insectdéehatop at faster rates and emerge earlier canistil
so at larger body sizes (Abramisal. 1996, Nylin & Gotthard 1998, Shama & Robinson 2006

The degree to which growth rate can be optimisedaguatic insects occurring in different
environmental conditions is particularly importartien considering the evolution of life-historidseit

flexibility and specifically traits such as devetoent time, emergence synchronisation and voltinism.

Clifford (1982) showed that 60% of Northern Hemisph mayflies exhibited a univoltine life cycle,
followed by 30% exhibiting multivoltinism (the majty of which were baetids) and only 4%
semivoltinism and 3% showing variable life cyclesg( switching from bivoltinism to univoltinism -
again recorded mainly in Baetidae). He noted exterftexibility in many but not all mayfly species
different parts of their distribution range. Inrg&t&ontrast to Ephemeroptera which show a propgnsit
for shorter life cycles, Plecoptera exhibit longkargely univoltine and semivoltine life cycles kit
virtually no occurrence of multivoltinism (Brittaih990), with an exception beifgemurella pictetii
(see Lieske & Zwick 2008). The Trichoptera on tli@eo hand have also exhibited a mixture of mainly
univoltinism as well as semivoltinism, and multitolsm, with large degrees of flexibility recorded
from species in different parts of their range (Seeiney & Wallace 1980, Elliott 1981, Reshal.
1984, Bowles & Allen 1992, Reiso & Brittain 2000)

Life-history duration of both Ephemeroptera andcBjgera increases with latitude, with a general
tendency for semivoltinism in arctic and alpineaargvhich represent the limit of the distributionga

of Ephemeroptera but the optimum distribution rafmePlecoptera (Clifford 1982, Brittain 1990).
Univoltinism in both orders is most common in cdeimperate areas while multivoltinism and
continuous asynchronous development (Ephemeropigys occur in the warm temperate and tropical
areas (Brittain 1990). Because of these life-hystifferences (primarily with regard to voltinism),
Ephemeroptera and Trichoptera are at an advantegePtecoptera in warmer environments, but not in
cold environments which are better suited for Rde@ (Brittain 1990). Interestingly, while no dlea
relationship has been observed between body siz&datinism with respect to the phylogeny of extant
Ephemeroptera species, in many cases small body aie associated with multivoltinism and almost
all larger body sizes of Ephemeroptera and Plecappecies with semivoltinism (although there are
some large Ephemeroptera that do not exhibit sdtimism) (Clifford 1982). For Ephemeroptera of
intermediate body size no, clear trends are evifelifford 1982)- this perhaps owing to the facatth
the size-at-maturity rule can become decoupledhamwsexceptions when growth rate is adaptive
(Abramset al. 1996). Although not definitive, the number of st or moults exhibited during larval
development does however appear to correlate lyrouitth patterns of voltinism, with fewer moults

generally evident in multivoltine species and aatgenumber of moults in semivoltine species.

Most ephemeropteran families exhibit 12-19 instamyever estimates as high as 35-45 instars have

been made foStenonema canadiense, univoltine species of Heptageniidae (Ide 193%) ap to
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approximately 34 instars for another univoltine gpg Leptophlebia cupidgClifford et al. 1979).
However,Leptophlebia vespertinalso a univoltine species, revealed 17-19 insBrstgin 1976a). In
contrast, the oviviparous multivoltine specteallibaetis floridanusis estimated to have 9-11 instars
(Trost & Berner 1963) while another multivoltineesges,Cloeonsp. has between 10-14 instars (Gupta
et al. 1993). Degrange (1959), however, reported betwaea9 instars for the multivoltine baetid
speciesCloeon simile In Plecoptera the average number of instarspsrted to range from 12-33
(Elliott 2009) but this is based on a limited numbgstudies. Elliott (2009) provided a comprehgasi
study of the number of larval instars in a numkdEaropean species and reported that for herbivorou
species of Plecoptera the average number of instages from 10-17, while for smaller carnivorous
species this value ranges from 12-16 and in lazgerivorous species it reaches 12-23. The senmeolti
speciedinocras cephalotetakes three years to develop to maturity, progngskrough 15-19 instars
(Elliott 2009) although 33 instars have also besported (Schoenemund 1925) for this species. Ehis i
close to the values reported for two other semiwelspecies that can take up to three years tdaeve
viz. Perla bipunctaandPerla abdominalisvhich exhibit 18-23 instars and up to 22 instaspectively
(Samal 1923, Hynes 1970, Elliott 2009). In contthstlarge majority of Trichoptera have only 5 krv
instars followed by a pupal stage (Cudney & Wallae80, Elliott 1981, Resht al. 1984, Bowles &
Allen 1992, Reiso & Brittain 2000). In general thasal insecta have a greater number of instars than
the groups exhibiting a pupal stage and this igelgra phylogenetic pattern rather than an ecokbgic

pattern.

As the trend between the number of instars andmiat is not exact, it is important that additional
confounding factors such as egg development durgtdong with delayed hatching), inter-moult
duration, and sexual dimorphism are considered vitienpreting voltinism in relation to the number
of instars alone. This is because a short interbnturation for example would make it possible or

multivoltine species to exhibit a relatively largamber of instars. Equally so, a delayed or exténde
hatch period of eggs would allow species to exhihiiltiple or overlapping cohorts (appearing

multivoltine) even if larvae exhibited a relativdgrge number of instars.

Studies on temperature/development relationshi@gjuatic insects, particularly those focussed en th
egg stage, therefore provide a particularly usefmiponent for investigations of the life-history
patterns, evolutionary origins and distributionges adopted by different taxa (Clifford 1982, Rraia

& Mutch 1985, Pritchardet al. 1996). This is because the egg stage is considerdae more
independent of the external environment comparetth@édarval or adult stages, thereby retaining the

more primitive characteristics present in the amakBneage (Brittain 1990).

This said, a pertinent question arises as to howhnmaf the observed differences in voltinism, life-
history pattern and distribution range is as alteduphylogenetic constraint versus true phenatypi

plasticity?
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In a study by Poffet al. (2006b) examining trait responses in relation kylgpgeny for aquatic
invertebrate taxa occurring across a range of enments, it was shown that life-history traitsz(
voltinism, development, synchronisation of emergerdult life span, adult ability to exit, adultilép

to survive desiccation) are less labile and theeefmore phylogenetically constrained than other
ecological and or behavioural traits (e.g. therpraference — for stenothermy, or eurythermy - and
habitat preference) with the exception of voltinismhich was comparatively quite labile when a ¢éarg
spectrum of lotic insects were considered. Howewezn only EPT taxa were considered voltinism was
found to be less labile owing to some taxonomicugeoshowing less variation in voltinism among

genera.

They suggest that this finding might relate to thet that convergent evolution would play a role in
shaping traits (e.g. behavioural and ecologicad} #ire more labile and responsive to local selectio
therefore a species' phylogenetic history wouldnmemtessarily correlate with the presence of a ipeci
trait. Furthermore they propose that it makes lalgiense if one considers that taxonomic consgraint

life-history traits can relate to reproductive &< (e.g. emergence synchrony) and the continuation
the species, whereas diversification of ecologarad behavioural traits relate to the optimisatién o

spatially and temporally variable local resourced tihe habitat.

Phylogenetic constraint may however play a sigaiftcrole in shaping the life-history patterns
(particularly development time) that are exhibitedrelictual Gondwanan aquatic insect taxa that are

over-represented in Mountain streams of the We&ape (Picker & Samways 1996, Day 2005).

7.1.1 The role of phenotypic plasticity

Identifying the causal mechanisms for adaptatiogpefcies traits is often very difficult, but is naily
attributed to a complex interaction of genetic am¢ironmental effects (Via & Lande 1985, Scheiner
1993, Lytle 2008, Pfennigt al.2010). While for a long time genetic mutation wassidered to be the
ultimate basis for evolutionary theory, phenotyplasticity has now become widely recognised as
being adaptive (i.e. acted upon by natural selegtiomany circumstances (West-Eberhard 1989, 2003,
Pfenniget al. 2010). Phenotypic plasticity, through processeshsas genetic accommodation and
genetic assimilation, is now considered (along vetivironmental variation, genetic mutation and
natural selection acting on gene frequencies) tarbequally important means of driving speciation,
diversity, micro- and even macro evolution (Weseiard 1989, 2003, Prie al. 2003, Schlichting
2004, Lytle 2008, Whitman & Agrawal 2009, Pfeneigal. 2010).

Phenotypic plasticity can be described as the dypat a single genotype to display variable
phenotypes that are induced by exposure to diffemevironmental conditions (Pigliucci 2001, Fordyce
2006, Whitman & Agrawal 2009). Such phenotypicafiiastic changes can be either adaptive

(permanent changes sometimes beneficial as a rdquatst selection - e.g. life-history shifts, diape)
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or non-adaptive (reversible — e.g. nutrition effegh body size, manipulation of hosts by parasites
pathogens) and are often brought about by enviratahstimuli (e.g. temperature or oxygen levels) or
specific cues (e.g. photoperiod or chemicals relédsom predators) which can also be harmful (e.qg.
toxins) (West-Eberhard 2003, Whitman & Agrawal 2p@Responses can be either active anticipatory
plasticity (i.e. where an organism uses abioticsafeseasonal change - such as photoperiod orgiryin
to avoid imminent environmental change) or passagponsive plasticity (i.e. where an organism

experiences the environmental change and thersjg&¢hitman & Agrawal 2009).

Shama & Robinson (2006) using a controlled fielpeziment showed that populations of the alpine
caddisfly Allogamus uncatusrom permanent and temporary streams in Switzdrkexhibited sex-
specific life-history plasticity in response to phperiod (treatments were current vs. late- where a
longer photoperiod was used to impose a time cainstby mimicking late summer) and hydroperiod
(treatments were constant vs. drying). In the pdtetoperiod but constant hydroperiod treatment both
sexes from temporary as well as permanent streathibited a shortened developmental period.
Additionally the growth rates of both sexes fronttbstream types were affected by both hydroperiod
and photoperiod cues. Generally growth rates iseetavith a combination of a late photoperiod and a
drying hydroperiod, but sexually dimorphic growthswevident in that females had higher growth rates
than males. Males and females from the permanegairstshowed a decline in growth rate and mass at
emergence under the current photoperiod but dryipdroperiod treatment. In all cases sexually
dimorphic growth meant that males emerged earlr smaller than females but interestingly only
female mass at emergence (from both stream typ#sjedl among both time constraint treatments,
while male mass at emergence from both stream tweee found to stay constant. In a subsequent
study using the same species Shama & Robinson Y20@9ved that populations can exhibit markedly
different phenotypically plastic responses evemaatnicrogeographic scale. Phenotypically plastic
responses in size at metamorphosisBaetis bicaudatusiave also been suggested to have been the
result of predator pressure, namely fish and carois Plecoptera (Peckarsityal. 2001, 2002, 2005).

In their study, smaller size at metamorphosis itesrand females was observed in streams containing
fish versus those without fish and further decrdase densities of predatory Plecoptera increased.
Furthermore Deeret al. (2006), showed that thermal tolerance limits (babper and lower and super
cooling point) in five oribatid mite species varigda phenotypically plastic manner in relatiorbtth
acclimation temperature (see also Chawmal. 2009) and the predictability of the environmenafime

vs. terrestrial) they inhabit. For one speditsdozetes begicathe upper lethal tolerance limit differed
by up to 4.16°C depending on acclimation tempeeatwhile the super cooling point féftalozetes
marionensidiffered by up to 15.3°C.

Some of the most dramatic phenotypically plastagpomses are those related to shifts in voltinisth wi
some of the most striking examples coming from &éiguasects. A case in point is a study conducted

by Sand & Brittain (2009) in which the voltinism afsingle specieBaetis rhodaniwas observed to
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shift from univoltine to semivoltine at increasialgitudes along the same river system in the monsita
of central southern Norway. The authors suggeshed & combination of differences in water

temperature and possibly other factors such asresmlirces were responsible for the observed shift.

7.2 So what do the taxa in this study reveal?

Field data collected fdt. penicillata, Aphanicercellapp.andC. ambulansevealed subtle differences
in life-history traits observed for the same spgdie the different study rivers in terms of size at

maturity, growth rates, and the timing of hatchamgl emergence (Chapter 4).

At all study riversL. penicillataexhibited a univoltine, slow seasonal cycle (Hyh820) with a single
cohort or generation evident within a year. Thevdardevelopment period typically extended from
hatching during the early-summer (early Decembezaidy January) through to the emergence period
which occurred over the late-spring to early-summenths of October to December. The timing of the
emergence period appeared to coincide with thetarsfsevarming water temperatures and abating
flows, such that oviposition and egg developmentweevented from occurring during a combination
of highest water temperatures and lowest flow diors during the mid-summer (late January to
February) as well as during periods of higher flamesurring in autumn (March/April). However the
timing of hatching was estimated to have occurg@tbwne month earlier in rivers with warmer overal
water temperatures. Lower growth rates and smsilterat maturity were observed in rivers with colde
overall water temperatures - this in disagreemeith the temperature-size rule for ectotherms
(Atkinson 1994, Angillettaet al. 2004); however several species of Ephemeroptepaiticular have
been cited as exceptions to this rule Atkinson $}9&esumably as a result of growth rate being
adaptively controlled (Abramst al. 1996). Additionally the onset of emergence wasaykd and

extended by up to one month in rivers with coldesrall water temperatures.

For Aphanicercellaspp.the life-history was similarly found to be that @funivoltine, slow seasonal
cycle (Hynes 1970) in all rivers with a single cahor generation evident within a year. The larval
development period contrasted with that_ofpenicillataand generally extended from hatching in the
late winter months of August/September over sumimer more extended emergence period spanning
from early to late winter (May/June-September). Ting of the emergence period coincided closely
with the onset of high flows/floods and cold aidamater temperatures, suggesting a) a possibld floo
avoidance mechanism or b) timed emergence for eptoonditions specifically for adult survival.
Differences in life-history traits among the studlyers were likewise subtle, and included: hatching
(different estimated hatch dates for the differgpecies ofAphanicercellaand variable hatch dates for
the same species in different rivers); growth r@egst pronounced differences were between species,
followed by water temperature with fastest growld garger size at maturity occurring in rivers with

colder water temperatures). Growth appeared slower the warmer summer months and faster over
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the colder winter months - however as data fromodashfrom two different years spanned these

periods, this pattern could not be confirmed.

In contrast to the above two taga ambulans lsowed a non-seasonal or asynchronous cycle (Hynes
1970), with multiple, potentially overlapping geagons/cohorts occurring within the period of aryea
Overlapping cohorts are typical of many Trichoptéthiott 1968, Ulfstrand 1968) and in this case fo

C. ambulanghe cohorts were difficult to differentiate in spyiand summer when growth appeared to
be rapid. The voltinism or number of generationsdpced in a year by this species was suspected to
vary amongst the study rivers in accordance togibeipings based on analyses of hydrological and
thermal regimes. Trivoltinism was suspected in shely river with the warmest water temperatures
(Wit), to bivoltinism in rivers with slightly cootewater temperatures (Molenaars, Elandspad and
Wolwekloof) changing to univoltinism in the rivewgith the coldest water temperatures (Eerste and
Rooi-Els Kloof). GenerallyC. ambulansexhibited continuous emergence as well as contisiuo
recruitment of first-instar larvae throughout theay, except for a hiatus in the coldest monthsthase

cold winter months also correspond to periods @hhilow, this hiatus could be attributed to a
combination of a) avoidance of high flows and delthperatures (likely in the form of a pupal stage o
an overwintering generation (V. Ross-Gillespie spebs., 2010) and b) an artefact of sampling &iesp
conditions. The observed flexibility in voltinisnf €. ambulanshas been noted for other species of
Chimarrain studies from the Northern Hemisphere (see ®fib & Hynes 1973, Cudney & Wallace
1980, Parker & Voshell 1982, 1983, Berdteal. 1984, Bowles & Allen 1992).

Egg development experiments were conducted in aberatory for each taxon in relation to water
temperature in order to more accurately intergretfield-collected life-history, particularly witlegard

to the timing of hatching in the field. The delaykdtching ofL. penicillatain the field in rivers
experiencing lower water temperatures could to sdewee (barring potential genetic differences) be
explained by laboratory observations of slowest éggelopment being observed at low temperatures
(64 days at 10° compared to 14 days at 20°C). Aatditly in these laboratory experiments the duratio
of the hatch period was longest and less synchmoradulow temperatures (11-22 days at 10°C
compared to 4-5 days at 20°C) which in turn mighavehexplained the longer emergence period of
adults in the field in these streams. Overall, sastul hatching was observed to occur at temp@&situr
between 10 and 20°C, with a lower limit betweem8 &0°C and an upper limit between 20 and 25°C
with the resultant strongly negative reaction ndon egg development indicating an adaptation to
warm water (Pritcharét al. 1996). This finding was in agreement with the mibopical Gondwanan
origins suspected for the family Teloganodidae fBatJamegt al. 2008). However, it should be noted
that the upper thermal limit for egg development.ipenicillataof 20-25°C is not that high relative to
some eurythermic species (eBgetis rhodanexhibit >50% hatching success at temperaturegyasals
25-27°C- Elliott & Humpesch 1980) and that in fadtile this family may have had origins in a more

tropical area than that in which it now exists, tflebal climate at the time of Gondwanaland is
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suspected to have been substantially cooler. Axtditly the current distribution df. penicillata is
limited to higher lying cooler Gondwanan refugiai@s-Mooreet al. 2013b) - which suggests a

propensity for cold water.

Similarly, the extended emergence period clearlyeoked inA. scutatain the field when compared to
L. penicillatacould be explained by observations of laboratoqyeements on eggs of the species. In
these experimenté. scutatagenerally had a longer hatch period (>20 dayshlattemperature
treatments compared to penicillata(<10 days in 15 and 20°C treatments and up to €38 th the
10°C treatment). This longer hatch period which Mduo effect translate to the nymphal cohortfof
scutatabeing more spread out in terms of size as the gpremressed leading to an extended emergence
period Additionally the number of days to median hatch was shorteraater temperatures (36 days
at 10°C compared to 20 days at 20°C) but unlikedtmer taxa the corresponding DD requirements
were higher at warmer temperatures (367.8 DD at1887.6 DD at 15°C and 408.5 DD at 20°C). In
this species successful hatching occurred at teanpes also ranging from 10 to 20°C, but with a
lower limit just slightly higher than 5°C and anpap limit between 20 and 25°C. Interestingly, the
highest hatching success was observed at 10 ar@, ¥Wth a sharp decline at 20°C indicating the
sensitivity of this species to warmer water tempees. This was supported further by the resultant
reaction norm for egg development which was foumdé positive, indicating an adaption to cold
environments for this taxon. This finding is intgtieg considering the general uncertainty regarttieg
origins of the Notonemouridae (Stuckenberg 196@y&ts & Picker 1995, Zwick 2000, Stevens 2009)
and the Plecoptera as an order (Zwick 2000, Fdckede Figueroa 2008). The thermal responses of

the eggs oA\. scutatasupports the notion of a cold water or stenotheargin.

In C. ambulangndications of multivoltinism and shorter life cgsl at warmer water temperatures were
supported by egg experiments which revealed thatldhe taxa studie@. ambulandad the shortest
development time (from 34 days at 10°C to 11 day&baC), lowest thermal requirement (from 345.4
DD at 10°C to 252.1 DD at 20°C and 263.3 DD at 95%bortest hatch duration (3.5 days on average
for all treatments) and widest range of temperatfwe successful hatch (10-25°C: with the loweritim
between 5 and 10°C and upper limit between 25 @A@)3 Hatch success, however, was generally low
and variable, with lowest levels recorded at 25°€liggesting an approach of tolerance limits at the
temperature. The weakly negative reaction normdgg development calculated for this species
suggested adaptation over time to more variablemdleconditions but with a propensity for warmer
water. This is in agreement with the Pangaean rwigif the Trichoptera from the Middle and Late
Triassic period (~230mybp) (de Moor & Ivanov 2008)his period is thought to have been
characterised by a generally warm and uniform dieneonditions with summer temperatures >30°C
during the end-Triassic (Dickins 1993, McElwash al. 1999) facilitating rapid dispersion of insect

groups across the supercontinent. The Philopotangigpear to have their origins in what then would
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have been a tropical belt across modern day Nortierica and Western Europe, according to

interpretations of late Triassic fossil depositshi$ taxon (de Moor & lvanov 2008).

Using a novel GLM approach, it was established fbatall studied taxa temperature had the most
pronounced effect on growth rate, and thereforeldgment time, followed by flow and finally other
physicochemical variables. Multivariate analysepg@ndix 4A) provided additional support for these
findings in showing that temperature was the végidbat explained the most variation in the stage
compositional data, followed by physicochemicaliafles and then flow variables (see Appendix 4A
for further details). Using the GLM approach, thermal optimum for growth fok. penicillatawas
estimated to occur between 13°C and 20°C, compiaremblder temperatures of less than 16°C for
Aphanicercella sppln contrast,C. ambulansexhibited substantial tolerance to a range of wate
temperatures, with optimal growth occurring at tenmapures above 15°C (even to as high as 21.5°C)
but a marked decline in growth at temperaturesvbdl6°C. Collectively these data, representing the
sublethal effects of temperature on growth in gemsiindicator taxa, provide particularly useful
information for setting thermal guidelines for tBeological Reserve (see later). Additionally they
correspond well with thermal tolerance limits fggedevelopment (Chapter 5). An additional variable
in the GLM called “River” accounted for the combiheffects on growth by other factors not explicitly
considered in the model (e.g. food and geneticrdesce) but associated with each separate study
river. This variable revealed some noticeable ¢ffean growth especially fok. penicillata and

Aphanicercellsspp.but not to the same degreeGnambulansand thus warrants further investigation.

At the time of sampling and field data analysiss axonomy indicated that a single species of
LestagellaandChimarraoccurred across the six rivers (different specfesphanicercellan the study
sites were taxonomically confirmed), leading to #ssumption that these differences in life-history
traits must have arisen from a) drastically difféareonditions of food quantity/quality at each site
and/or physico-chemical characteristics of the reve both thought to be unlikely considering the
similarity of local site conditions and availabl@ysico-chemical data presented (Chapter 2) or b)
phenotypically plastic life-history responses. Sdpgent genetic analyses (Chapter 3) however,
surprisingly revealed a cryptic species complexhiwit. penicillatacomprising two major clades and
five distinct species with high genetic divergencecurring between some of the study sites.
Divergence ranged from 0% (between individualseztéd from the same site) to a maximum of 28.7%
(between individuals from two distinct clades - v Stream and the Wit River). These findings
suggest that a taxonomic revision of the genusdgired. ForAphanicercella molecular analyses
confirmed the species status of the four morphahilyi identified species and so provided suppart fo
a genetic basis of life-history responses - as exgeected. In contrast, genetic analyses suggested a
single species o€himarra, viz.C. ambulansoccurred across the six study sites with relatively
intraspecific divergence amongst populations avegad.83%. Samples from Window Stream (Table

Mountain), however, showed high genetic diverggii@e9%) from the clade containing the specimens
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from the six study sites, suggesting the presehegpoeviously unidentified species there. Simitak.
penicillata though, the genetic results suggested that thentamy of Chimarra should be revisited
along with morphological comparisons to confirm thedings presented here. Importantly, the
indication of single species @. ambulansoccurring at the six study sites provided suppartthe
notion that the different life-history responsese@ived across the study sites could be as a mfsult

phenotypic plasticity - in response to differenitehermal regime.

Genetic analyses also yielded the unexpected yportiant finding that specimens collected from
Window Stream for each of the target taxa all slhiba@ngruent high genetic divergence with respect
to their populations collected from the six studgs This is in support of a growing body of resba
that posits Table Mountain as being geographigatiiated from the nearest Cape Fold Mountain range
across the divide of the Cape Flats (Stuckenbe6@,1Ricker & Samways 1996, Sharrattal. 2000,
Danielset al. 2013). Examples of taxa which reveal isolationTaile Mountain amongst others are
species of freshwatddesamphisopusopods (Gouwst al. 2010, McDonald & Daniels 2012), as well
as species dPeripatopsisvelvet worms (Danielst al. 2009, 2013). The Cape Peninsula Mountains are
characterised by fragmented mountain blocks, stimgoremnant Afromontane forest patches that are
separated by low lying valleys, steep gorges araltesied ravines (Cowlingt al. 2009). Table
Mountain is one such mountain block that is separdtom the rest of the interior Cape Fold
Mountains (Hottentots Holland and Jonkershoek) bgng (50km) sandy stretch known as the Cape
Flats. For extensive periods during the Mioceneffelihe this stretch became inundated with seawater
from marine transgressions (up to 200m) leadinipeécextinction of low lying flora and fauna (Darsel

et al. 2013). Subsequently, as a result of major climatneliorations during the Miocene/Pliocene and
Pleistocene, this area was subject to periods ifssbetween xeric and mesic conditions which
ultimately lead to progressive aridification andntactions of forest patches to higher altitudes
(Mucina & Rutherford 2006, Cowlingt al. 2009). Lower lying areas such as the Cape Flads vwere
unlikely to have supported forest areas, becamesed dry corridors thereby acting as dispersal
barriers for certain mountain invertebrate taxa@.(eelvet worms) (Danielgt al. 2001, Wishart &
Hughes 2003, Gouwet al. 2004, McDonald & Daniels 2012). The high-lyingdet patches in contrast
would have provided a multitude of habitats androukbmates in effect acting as altitudinal buffersd
refugia for organisms in response to climate charifanielset al. 2013). In this manner the high-lying
mountains such as Table Mountain have facilitatesl persistence and survival of several ancient
Gondwanan fauna that would have evolved under cadimate conditions. Additionally however,
during periods of marine transgressions, other biesides stenothermic Gondwandan taxa that became
isolated on Table Mountain would as a result hawdengone speciation and local adaptation to cooler
forested conditions. Ultimately a combination o4k two scenarios has lead to Table Mountain and
other high lying areas of the Cape Fold Mountairkildting high levels of endemicity both in
terrestrial and freshwater habitats (Picker & SaysnE096). Generally none of the Gondwanan stream

fauna have managed to disperse elsewhere in SdutaAr occupy other types of water bodies -
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hence they are considered to be conservative (Asdod. Mike Pickerpers. comm., University of
Cape Town, 2013).

While molecular analyses helped to elucidate a wenbasis for life-history responses in
Aphanicercellaand potentially thd.. penicillata species phenotypic plasticity and some degree of
genetic differentiation appeared to be governing Waried life-history responses @ ambulans.
Controlled-environment experiments (Chapter 6)ve#ld for further investigation of the role that
phenotypic plasticity versus genetics played irardgo the subtle life-history differences obserired
two lineages of.. penicillatafrom two different sites. In particular, obsereats were made in relation

to changes in water temperature.

The two sites selected were the Molenaars Rivaatgtl on the on the interior Cape Fold Mountains
and Window Stream situated on the slopes of Talderthin on the Cape Peninsula. These two sites
are approximately 80km apart and are separatetidoZape Flats and the Cape Fold Mountains. They
incur substantially different natural thermal reganas evidenced by maximum and minimum water
temperatures recorded over the summer months Decdrabruary (Molenaars River max. = 25.31°C,
min. = 15.06°C; Window Stream max. = 21.76°C, minl4.61°C) and autumn months March -May
(Molenaars River max. = 24.48°C, min. = 9.98°C; Wiw Stream max. = 21.86°C, min. = 11.24°C).
Window Stream is a first order headwater mountdieasn but is thermally stable and buffered
(December-February average water temperature andatd deviation = 18.08°C + 1.184), likely as a
result of shading from forest canopy cover and gdoater inputs from the Table Mountain. It is not
inhabited by any predatory fish. The Molenaars Rixecontrast is a wider second order foothill rive
draining a much larger catchment of mountain fynlios an open channel river and is more thermally
variable (December-February average water temperatud standard deviation = 20.46°C + 2.074). It
is also currently inhabited by several species redatory fish (Rainbow Trout, Smallmouth Bass,
Sharptooth Catfish) while historically it was inlitgl by the endemic and now endangered indigenous
Whitefish, along with Cape Kurper and Galaxias €dgr Sheltonpers. comm., University of Cape
Town, 2013)

Phenotypic plasticity can be investigated by subjgandividuals of a species to different temperat
treatments under controlled laboratory conditiorere other factors are held constant (e.g. flow and
photoperiod), as was done for individuals (femalely) of two putative species akstagellacollected
from the Window Stream and Molenaars River (ChapjerSince this experiment a) could not be
conducted on larvae reared from eggs, as attemgts unsuccessful, and b) used a relatively short
acclimation period of only 72 h, it was subjectetovironmental (acclimation differences) and first
generation maternal effects (see Posanal. 1995a, 1995b, Kavanaugh 1998). On the other haind,
was free from artificially induced environmentalfesfts that might influence laboratory reared

organisms (Bernardo 1996). Nevertheless, resutticated that both species exhibited lower growth
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rates at lowest temperature treatments (~0'8%%~11°C for Window Stream and ~0.48% at ~11°C
for Molenaars River) and highest temperature treats(~0.30% at ~20°C for Window Stream and
~0.50% at ~20°C for Molenaars River), i.e. in trmib-optimal ranges. Both species also increased th
inter-moult duration at colder temperatures (27sday ~11°C compared to 16 days at ~20°C for
Window Stream and 38 days at ~11°C compared tcays dt ~20°C for Molenaars River), illustrating

a generalised phenotypically plastic responsenpégature. Growth rates in both species appeared to
converge to an optimum growth rate of about 0.6%h@t-17°C treatment in accordance with optimum

growth rates determined for this genus from the Gl{(Mhapter 4).

By comparing the growth rates of the two speciegeurontrolled conditions (at identical temperasure
on an identical food source and at the same inskar)effects of genetic control could also be evgu.
Individuals from the Molenaars River exhibited tiighest growth rates at all temperatures, as veell a
the greatest increase in inter-moult duration & temperatures, but the total number of moults. (i.
age at maturity) did not change between laboratoy natural populations (black wingpad nymphs at
all treatments along with those measured from arabpopulation were at instar 15). Individualsnfro
Window Stream on the other hand, while having sligltower growth rates and not increasing inter-
moult duration at colder temperatures to the sarteng revealed an interesting growth response of
adding extra moults at colder temperature treatsn@mt to 3 additional moults) compared to the ratur
populations (black wingpad nymphs measured frorataral population were at instar 15 compared to
non-black wingpad laboratory individuals which wexreinstar 18). These extra moults substantially
extended the life cycle of the laboratory populatimm Window Stream (up to 6 months longer than
individuals in natural populations), allowing indivals to attain larger size at maturity (avera@p lof
0.680mm for laboratory black wingpad individuals aserage 10D of 0.656mm for natural population
black wingpad individuals). While flexibility in ganumber of moults has been recorded for species of
Ephemeroptera (Degrange 1959), the response eadhibére by femalé. penicillatafrom Window
Stream of adding extra moults suggests a gensticalitrolled adaptation to prolong the life cycle,
perhaps even enabling semivoltinism, under a) cotdaditions or b) no pressure from potential
environmental constraints (i.e. timing of ovipawitiin order to avoid hot summer temperatures and
onset of winter flows). Such an adaptation wouldl®a females of this species to obtain a bigger siz
at maturity and thus greater fecundity and ovditaéss (Vannote & Sweeney 1980, Ward & Stanford
1982, Hork 1993). Interestingly this adaptive response afgpemhave been lost in individuals from
the Molenaars River which have presumably adapiedarmer water conditions in genetic isolation

from those in Window Stream.

A further noteworthy comparison made between imtligis of the two putative species was that of
thermal tolerance limits and temperature inducedatity. Using a long-term static lethal temperatur

experiment (LTg), individuals from the Molenaars River showed @hier upper lethal thermal

“*percentage increase in interocular distance (IGDHpy
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tolerance limit (168 h L, of 26.45°C) compared to those from Window Stred®8(h LTso of
23.20°C). These differences are assumed to be radtigeorigin, caused by local adaptation to site

conditions.

Collectively these observations provide an intémgsplatform for hypothesising the evolution ofelif
history patterns of these two species. Based ortetinperature data presented in the thesis, although
these are somewhat limited, the Molenaars Riveeagto be a warmer river than the Window Stream,
and thermally less stable. For this reason the Mules River is more likely to reach the thermaltsm

for egg and larval development bf penicillataespecially over the warm summer months (December
to February), whilst also likely incurring greatewrels of hydrological disturbance (floods)(assita
second order foothill river in a large catchmennhpared to a first order mountain stream). Furtheemo
one could assume that historically, this would hlasen the case as well - although historical doly
records are not available for Window Stream. Assllt, individuals of.. penicillatain the Molenaars
River might have adapted to exhibit less flexigilih terms of length and timing of their life cycle
owing to the early onset of adverse conditions,s@eal environmental constraints, particularly
increased temperatures, high flows, or even prexlatin essence they have to be quick to emerge and
oviposit during a period of gentle flows and coot ivarming water temperatures (the eggs do not have
attachment apparatus - Chapter 5). In conttagtenicillatain Window Stream could have adapted to
cooler water temperatures, less variable therngahmes, and importantly an absence of predatory fish
There are therefore fewer environmental constraiotsanhibit the life-history flexibility of the
individuals of this stream. As such, they retaia potential to respond with an increase in therinte
moult duration, as well as in the number of moalttgolder temperatures, and they are better stoted
take advantage of these conditions. This flexipiltas evident in the much extended life cycle
exhibited by individuals from Window Stream in ttadoratory setup, which in turn allowed them to
reach larger sizes and therefore potentially gditnass advantage in terms of greater fecunditis |
likely that phylogenetic constraints (e.g. a minfmaumber of required larval instars before reaching
sexual maturity (perhaps 15) prevent both of trsgseies from drastically shortening their life @gl
under warmer more favourable conditions, througheeia) shortening inter-moult duration or b)
reducing the number of moults. Neither species vabte to shorten inter-moult duration much below
15 days - Window Stream individuals revealed a kiviter-moult duration of 15 days and Molenaars
River individuals 12 days. Perhaps the multivoltBeetidae have adapted greater flexibility of inter
moult duration, such that they are able to subistintreduce the duration under warm conditions
thereby allowing a relatively large number of meuih some cases (e.g. 20-29 moults reported by

Degrange 1959) to be completed in a short peridatr?

Adaptation to local site conditions of warmer watemperature and possibly greater food resources
(Ewart-Smith 2012) has resultedlinpenicillatafrom Molenaars showing higher thermal tolerancg an

a higher growth rate compared to.penicillata from Window Stream (which experiences colder

215



Chapter 7

temperatures and possibly lower productivity likbes mountain streams in the Western Cape -see
King 1981, 1982, Kinget al. 1988) - and ultimately the two species exhibit efi#int genetics. This
genetic basis, along with some degree of plastiniggrowth rate, is what appears to be controltimg

life-history differences\iz. emergence, development time) in these two putapeeies.

Similar to L. penicillata Aphanicercellashowed subtle differences in life-history respensger
different species in different rivers. Like penicillata Aphanicercellaalso represents a basal insect
order, exhibiting similarly poor dispersal abilgieand with a large number of moults (see Brittain
1990). One might therefore expect that similar etrohary trends could be observed as discussed
above forl_. penicillata However, without conducting a reciprocal transplar controlled-environment
experiments for species in this genus the effeicfghenotypic plasticity vs. genetic divergence ednn

be explored further here.

In contrast to these two aforementioned taxa, iddals of C. ambulandrom the six study sites were
shown to be genetically similar (intraspecific diyence of 1.83%) and assumed to be the same species
at each of the study sites - geographical populattbus appear to have predominantly phenotypically
plastic life-history responses. The substantiaffedéinces found with respect to voltinism (and
presumably growth rates), and the extent of thé&erehces raises the question as to why this sgeci

in contrast to the others, is able to exhibit thégree of phenotypic plasticity.

C. ambulansbeing within a more recently diverged group thia® other two target taxa (de Moor &
Ivanov 2008) is suspected to have had vastly differevolutionary origins thus leading to the
expression of a markedly different life-history tean. Firstly, this taxon exhibits far fewer larval
instars, in effect meaning that phylogenetic castron development time is not as pronounced
compared to species with longer conservative listshies. However, despite a less conservative life
history, the complex interaction of factors thateef life cycles (nutrition, photoperiod) cannot be
ignored as they clearly play important roles inutaging life cycle length and timing (Khoo 1964,dlo

& Williams 1981, Johanssoet al. 2001, Shama & Robinson 2006, Danks 2007, Bogg9)200
SecondlyC. ambulangyoes through a pupal stage, which enables avadainenfavourable conditions

— and allows for a synchronising of emergence atenfavourable conditions. Thirdly this taxon
exhibits a wider range of thermal tolerance forcegsful egg development (10-25°C forambulans
compared to 10-20°C for the other taxa) and shoag &nd synchronous egg development in
favourable conditions (allowing for the generatmfnseveral cohorts or multivoltinism). It furtheah
relatively large eggs compared to the other taxt@af@er 5) thereby potentially conferring a reldgive
greater degree of fithess on larvae - in turn legquid increased survival of juveniles. It also sfealy
selects optimal oviposition sites (V. Ross-Gillesppers., obs. 2010 and see Resetarits 1996) and
protects eggs against high flows by cementing therthe oviposition substrate. Collectively these

factors contribute to the great flexibility in lifg@story data observed f&€. ambulansand result in
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almost continuous adult emergence and recruitmerdughout the year with flexible voltinism,

especially in rivers with warmer temperatures.

It is my assertion that, in contrast to more fléxilife-histories expressed in more recent linegges.
Trichoptera, Lepidoptera, Diptera), conservative-histories expressed in more basal taxa that are
phylogenetically constrained because of past eiwiaty histories (e.g. Ephemeroptera and Plecoptera
requiring a large number of moults and continuausdl development leading to a longer life cycle
with no quiescent (pupal) stage, will potentially less able to exhibit phenotypic plasticity. Thas
profound implications when one considers the chartgeriverscapes predicted from global climate
change in conjunction with ongoing anthropogenitvaes, particularly with regards to temperature
and precipitation. Determining the degree to wigighatic biota will be able to respond to such ckang

is of primary concern.

7.3 The impact of climate change on life-histories amdiaptive management
mitigation

Riverscapes already face a suite of existing sire§®.g. hydrological alteration, abstraction, atig

from surrounding land use) and global climate cleasgexpected to amplify these stressors, poténtial

resulting in further cascading effects (Rivers-Mmoet al 2012). In a developing and water-scarce

country like South Africa, where unfortunately data also limited, the implications of global clima

change on freshwater ecosystems are considerable.

Changes in water temperature are likely to havelstantial impact with expected cascade effects
taking place at multiple levels of ecological ongation from the individual/population to the
community and ultimately the ecosystem (Gegeial 2011). With the growing appreciation of the
necessity of incorporating thermal regimes intoilemmental flow assessments and to inform policy
(see Olden & Naiman 2010 and Rivers-Moeteal. 2013a), there is understandably a need to collect
relevant and fundamental data, conduct suitableraxents, use the collected data to glean a spatial
and temporal perspective on the ecosystem and tielmesponses of the system under climate change
scenarios (see Heller & Zavaleta 2009). It is @lj¢ciowever, that these activities are implemeimeal
framework of adaptive management and conservasea for example Kingsforet al. 2011). This can

be achieved by incorporating later steps (succeasdsfailures) in the management process for the
future, as this will inform and allow for the resassment of earlier steps in an ongoing iterative
learning process (Lee 1999, Tompkins & Adger 20@4) natural and social systems evolve and even
co-evolve over time, this management approachmsasiy one that does not return to a prior staie b
instead anticipates projected or actual changesrdler to mitigate impacts and take advantage of
certain conditions (Tompkins & Adger 2004). In tmnner, adaptive management can increase the
present-day resilience of the system, in turn englgreater flexibility in response to long-termetats

of climate change (Tompkins & Adger 2004).
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The data presented in this thesis have direct itapoe for establishing thermal guidelines for the
Ecological Reserve in South Africa and provide mpartant first step in the adaptive management
process by providing fundamental baseline data.lysea of flow and temperature data (Chapter 2)
(although the latter are limited) give valuabldialiinsights into the spatial and temporal vaidigbof
these ecosystems and allow for classification rigiteo be identified based on specific ecologically
relevant environmental variables. In turn, suchrapghes can be used to develop a classification for
reference rivers across the country and enablestdapes to be grouped into larger management -units
i.e. at the regional scale. Genetic analyses (€ha@)tprovide a basis for understanding differerines
biotic responses that might be observed in relaioanvironmental change for taxonomic groups or
even species that have wide distribution rangefe-history information (Chapter 4) in conjunction
with egg development experiments (Chapter 5) pefithdamental information that is relevant for all
future ecological investigations of riverscapes anthe taxa - though more data of this kind areded

for South African aquatic invertebrate fauna ifoimhed adaptive management decisions are to be
made. The data presented in this thesis showedlififetences in hydrological and thermal regimes of
South African rivers do indeed induce a plastipoase in the life-history traits of the represawnéat
aquatic insect species inhabiting them — partitplar those insect taxa (e.@himarra) exhibiting
more flexible life- histories and less phylogenetimstraint (shorter life cycles of fewer instarBiis

in turn suggests that generalisations in termsefmal guidelines made at a broad national-scale fo
the Ecological Reserve might be inappropriate andlevat the very least need to be conceived at a
regional or even local scale. Furthermore thesstiplife-history trait responses should, wheresguae

be evaluated through a combination of laboratogyeexnents (common environment experiments for
rearing, molecular analyses, egg development expeits — such as those presented in Chapters 3, 5
and 6) and field work (Chapter 4) in order to digtiish potential underlying genetic drivers of ttrai
differences vs. true phenotypically plastic resgan®Vhile smaller levels of plasticity would bedamt
within a species, larger differences in life-cypltterns and adaptation to thermal differences tiigh
expected when considering interspecific comparis®hss is particularly important as cryptic species
complexes, which can often be overlooked by taxgnamt to confound life-history trait and thermal
tolerance studies. Such data would provide mucldeteformation regarding the sub-lethal effects of
temperature on aquatic taxa (i.e. growth rate, gevare timing and hatching success of eggs). For
instance, the upper and lower thermal tolerancetdinfior egg development derived for the
representative species (Chapter 5), in conjundtiitin LTs, values (Chapter 6) as well as the optimum
temperature ranges for growth (obtained from GLEHsl rearing experiments — Chapters 4 and 6) have
provided fundamental information necessary in tingt Step of forming thermal guidelines for the
Ecological Reserve. This is evidenced by the fhat if water temperatures of Ecological Reserve
flows in summer (December-February) should exceededpper limit of 25°C (e.g. surface release
flows from dams upstream) they could be severetyirdental to the successful egg development of

conservative species particulatly penicillatg A. scutata(likely the entire genusphanicercelld and
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to a degree also the more flexible spe@eambulansincreased hatching failure at these temperatures
could result in a dramatic drop in population sjze®l if sustained for several years in sequenaklco
lead to the eventual loss of the species from ier.rSimilarly, long term L, experiments foiL.
penicillata showed that if summer water temperatures shoutéezk an upper limit of 20-23°C for
600h 50% mortality of nymphs can be expected ingdalife-history data revealed important times of
the year for species where cues (emergence/hajchiegclosely tied to thermal and hydrological
regimes. These regimes are likely to be alteredlinyate change and so might result in the life-eycl
being put out of sync with its normal annual patte8imilarly, voltinism indicated which species are
conservative and which are flexible and therefdeely to cope with changes made to the thermal and
hydrological regimes. The GLM approach using tifiestistory data provided a range of temperature
for optimal growth for each species and providesight as to the effect of additional environmental
variables on growth. Using this data, it is evidiatt should Ecological Reserve flows over sumneer b
below 13°C (e.g. bottom release flows from damstreps), growth rates in warm adapted species
such ad.. penicillataandC. ambulangan be expected to decline markedlyClrambulanghe decline

in growth rate could be coupled with a change ittivem (decrease in the number of generations
produced in the year) while far penicillataevidence from Chapter 6 would suggest it couldt $tia
semivoltine life cycle. ForAphanicercellaspp. on the other hand which are cold adaptediecol
summer water temperatures would likely result oréased growth rates without a noticeable change in

voltinism.

This thesis presents a template of what data aressary for incorporating thermal guidelines for
aquatic insects into environmental flows/Ecologi€#serve and how they can be collected and
interpreted. In particular, the GLM modelling appech adopted in this thesis could be useful for
assessing the range of thermal optima for a spetkon at the regional scale (e.g. Western Cape).
These life-history data and GLM approaches, whesdue conjunction with thermal limits for egg
development (Chapter 5) and lethal upper thermataoce limits (Chapter 6) (using tefand CTM
methodologies), provide a solid foundation for bkshing thermal guidelines for the Ecological
Reserve at the regional scale for these and adlear Furthermore, the data presented in this thesis
been used to provide one of the first approachesddelling the effects of climate change on aquatic

insects in South African rivers.

An example of how such data can be practicallyiagph order to better inform adaptive management
processes is highlighted in a paper co-authorethyself along with Dr. Nick Rivers-Moore and Dr.
Helen Dallas, recently published (Rivers-Moateal. 2013b). Data presented in this thesis (thermal
limits for egg development df. penicillatain conjunction with life-history information fohe same
species) were used in this co-authored paper tmiexathe potential impacts of temperature changes
on this species under several climate change doeamamlyses. Methods involved linking biotic

responses (hatching success) to thermal triggatstten transgression/exceedance of a chronic stress
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temperature threshold. The chronic stress temper#tueshold was calculated based on an averaging
statistic (Maximum Weekly/7-day moving Average Teargiure - MWAT) using agglomerative
techniques (duration curves and cumulative DD)3fbriver sites in the Western Cape. The threshold
MWAT for a species is calculated using an optimamperature (OT) or range of preferred
temperatures from laboratory derived growth cur{lsings & Jones 1977) (or the GLM approach
used for field data presented in this thesis) andhaipient lethal upper temperature (ILUT) caldcath
from LTsq and CTM experiments (see equation 7.1).

(ILUT -OT)

MWAT =OT + (7.1)

Hourly water temperatures collected from the 3éssiwere used to assess the frequency and duration
(days) of MWAT threshold transgressions/exceedar#h under current climatic conditions and
under scenarios of global climate change. Thigniportant because the rationale behind using the
MWAT as a temperature limit is based on data shguirat moderate fluctuations in temperature can
be tolerated by organisms as long as the ILUT t®roeeded for long periods (Brungs & Jones 1977).
As such, at sites where the MWAT was exceededgeitinder current climatic conditions or global
climate change scenarios) for more than 30 daysedimg failure was considered to occur (this
assumption was based on egg development experirsentiucted in Chapter 5 of this thesis that
showed that prolonged exposure to temperaturesdeut$ the range for successful egg development

resulted in hatch failure).

Results from the analyses using MWAT thresholdsceiéd that under a conservative climate chage
prediction, based on recent studies (Lestexl. 2011, Turalet al. 2011, Viers & Rheinheimer 2011) of

a 2°C increase in water temperature, the thernsaiiyable habitat modelled far penicillata(which is
already limited under current climatic conditiongas predicted to contract further by approximately
30% as a result of breeding failure in thermallyrgivzal habitats that would be affected by this éegr

of temperature increase.

The findings in Rivers-Mooret al. (2013b) in conjunction with those presented in thissis suggest
that global climate change is likely to have gregienpacts on conservative and phylogenetically
constrained univoltine species (suchLagenicillataand Aphanicercella spp especially where such
species are stenothermic and inhabit thermally makdabitats (e.g. Gondwanaland relictual fauira).
contrast, less conservative eurythermic and mutiha species, such &. ambulansexhibit greater
flexibility and are likely to be favoured by suclmperature changes. For these species, warmer
conditions (still within lethal limits) would be Yaurable for egg development and also result in
increased growth rates and the production of atgreamber of generations per year. This could have

important management implications in the case elg/thermic and multivoltine pest specigsg.
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Simulium chutteji where an increased number of generations per gweng to warmer conditions,
under different flow scenarios, would equate tarameased number of outbreaks of this species (see

Rivers-Mooreet al.2013b for further details).

Overall these findings illustrate the usefulnessdata such as those presented in this thesis in
understanding and predicting, through modellinchiegques, how different species will respond to
changing environmental conditions. They also hgiitlithe need for further research in order to gain

fuller picture of the impacts of climate changeoam river ecosystems and their inhabitants.

7.4 Proposals for addressing current research lacunae

Information regarding water temperature is vital the interpretation of life-history studies and
individual species responses, not only in the fafcengoing anthropogenic impacts on river systems,
but also climate change research. Therefore Baemmended that appropriate systems be installed to
measure and record long-term water temperaturddranall existing DWA gauging stations across the
country. Various technologies exist that could difpghis process: for example data loggers cowgd b
installed at existing gauging weirs that use catlubr satellite uplink systems to record and
automatically upload data (real time) to cloud ses\e.g. the HOBO-U30-GSM Cellular Data Logger:
www.onsetcomp.com/products/data-loggers/u30-gsiis Would avert the need and associated costs

of employing/hiring personnel to manually colldut data.

This study highlights the value of collecting lifiéstory of aquatic invertebrates, especially within
country in which data of the sort are so limitedd dinking these to thermal and hydrological reggme
of rivers. While only three target species werelys®al in the study presented here, similar studies
conducted on additional taxa from more rivers atbe country (perhaps even including responses of
species in temporary rivers) would allow for a mueteded reference databaseto be created (see for
e.g. Merritt and Cummins 1996). Such data on thain would be highly valuable to the fields of
ecology and taxonomy, but if they are analyseddlation to variables such as flow and water
temperatures over a range of habitats and envirotain¢he value of the studies would increase
exponentially. Future studies could contrast tlie-Histories of various functional feeding groups,
endangered or threatened species, invasive speciesen pest species requiring careful management
within altered or natural habitats (emosquitoes, midges, and black flies). It is thenapi of the
author that life-history studies, which are relalvinexpensive to conduct and do not require acedn
facilities or technology, should be prioritisectlire field of freshwater research in South Africariaps
such studies could even be incorporated into exjstiver monitoring programmes carried out by the
government, such as the River Health Programme (Wwagov.za/iwgs/rhp/index.html), where it

could allow for additional job creation and skillsvelopment.
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Where possible, life-history studies should be cmted in conjunction with egg development
experiments and subsequent rearing experiments.ethadological problem area for such studies
would be the collection of fertilised eggs. Lighagping techniques, emergence traps or sweep gettin
for gravid females might be considered. Additiopaiough, artificial fertilisation could be attereplt

as a means to obtain fertilised eggs. While thasties are generally more labour intensive, regaiire
effective laboratory setup (such as a flow throagtup, suitable lighting, accurate temperatureront

and more often than not require initial pilot segjithey often provide the most accurate data.
Specifically, some key areas for potential futesearch might include:

1. Assessing the life-histories of target aquatic taxaltered versus natural environments — where
the predictability of one or another environmentariable has increased or decreased

significantly (e.g. channelised compared to natsi@ams, above and below impoundments)

2. Assessing the life-histories of the same speciesirdag in temporary rivers vs. perennial
rivers using similar assessment techniques. Thisildvgrovide a far greater range of
predictability values against which to compare-history patterns. Deeper substrate sampling
methods could perhaps be employed to obtain sartiésould yield information on taxa that

seek refugia during unfavourable conditions.

3. Given that few rivers/streams have water tempegatiata spanning more than two years, one
could model water temperatures from historicalt@mperature records and assess them using
predictability indices to provide an estimate & gredictability range of water temperatures in

Southern African rivers.

4. A logical next step, after having obtained relialifie-history information, would be to assess
the secondary production or cohort production irgkrof target species in relation to
environmental variables (e.g. thermal regime, gdwater vs. surface runoff dominated

streams), using a planned sampling regime and igaisve¢ sampling methods.

5. Conducting surveys on aquatic macroinvertebratedan rivers across South Africa using
rapid DNA Barcoding techniques. Such an approachdca) provide an indication of species
diversity in different regions across the countjyatiow for a reference library of genetic
sequence data to be established and c) highlighti@uhl cryptic species complexes and thus

areas for taxonomic investigation.

Research in these areas is likely to yield a wedlthaluable information that will contribute grato

management operations and guidelines, policy faomand effective conservation. Additionally it Wil
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provide a solid foundation for a diverse range of future research topics in a country where data of the
sort are desperately lacking. Given the habitat diversity, range of climatic conditions, as well as the

thermal and hydrological variability exhibited by rivers across the country, the potential outcome of

such proposed research is very exciting.
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APPENDIX 2A

Appendices

Variables derived from temperature and flow metrics

Table App2A.1. Hydrologic parameters and their respective ecesyshfluence as assessed by Indicators of
Hydrologic Alteration (IHA) software Version 7 ddeped by Richteret al. (1996). Table from The Nature
Conservancy (2006).

IHA
Group

Parameter

Hydrologic Parameters

Ecosystem Influence

1. Magnitude of
monthly water
conditions

Mean or median value for each calen
month

Mean annual flow

Annual C.V. of variation of flow

Colwell's Predictability Index
Constancy/predictability

Subtotal 12 parameters

ar

Habitat availability for aquatic organisms

Soil moisture availability for plants

Availability of water for terrestrial animals

Availability of food/cover for fur-bearing mammals

Reliability of water supplies for terrestrial anilma

Access by predators to nesting sites

Influences water temperature, oxygen levels, plyotbesis in water
column

2. Magnitude and
duration of annual
extreme water]
conditions

Annual minima, 1-day mean
Annual minima, 3-day means
Annual minima, 7-day means
Annual minima, 30-day means
Annual minima, 90-day means
Annual maxima, 1-day mean
Annual maxima, 3-day means
Annual maxima, 7-day means
Annual maxima, 30-day means
Annual maxima, 90-day means
Number of zero-flow days
Baseflow index: 7-day minimum flow/mea
flow for year

Subtotal 12 parameters

Balance of competitive, ruderal, and stress- takeoaganisms
Creation of sites for plant colonization

Structuring of aquatic ecosystems by abiotic vstibifactors
Structuring of river channel morphology and physkabitat conditions
Soil moisture stress in plants

Dehydration in animals

Anaerobic stress in plants

Volume of nutrient exchanges between rivers anoifidains

Duration of stressful conditions such as low oxygad concentrated
chemicals

in aquatic environments

Distribution of plant communities in lakes, ponfispdplains

Duration of high flows for waste disposal, aeratidrspawning beds in
channel sediments

3. Timing of annual
extreme water|
conditions

Julian date of each annual 1-day maximum
Julian date of each annual 1-day minimum

Subtotal 2 parameters

Compatibility with life cycles of organisms
Predictability/avoidability of stress for organisms

Access to special habitats during reproductioro@viid predation
Spawning cues for migratory fish

Evolution of life-history strategies, behaviouraéchanisms

4. Frequency ang
duration of high and
low pulses

Number of low pulses within each water yeal
Mean or median duration of low pulses (day;
Number of high pulses within each water ye
Mean or median duration of high pulses (day
Flood Free Season

Percentage Floods in 60 day period

Subtotal 4 parameters

Frequency and magnitude of soil moisture stresplforts

Frequency and duration of anaerobic stress fortplan

Availability of floodplain habitats for aquatic axgisms

Nutrient and organic matter exchanges between ardrfloodplain
Soil mineral availability

Access for waterbirds to feeding, resting, repréiducsites

Influences bedload transport, channel sedimentitest and duration o
substrate disturbance (high pulses)

5. Rate and frequenc
of water condition
changes

Rise rates: Mean or median of all positi
differences between consecutive daily value
Fall rates: Mean or median of all negati
differences between consecutive daily value
Number of hydrologic reversals

Subtotal 3 parameters

Grand Total

33 parameters

Drought stress on plants (falling levels)
Entrapment of organisms on islands, floodplairsr(g levels)
Desiccation stress on low-mobility stream edgei@aone) organisms
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Table App2A.2. Hydrologic parameters showing negligible multiswarity (<0.8) used in the multivariate
analyses that guided site selection. The respeltifeparameter group from which the variable wakkaiated is

indicated.

IHA parameters with multicollinearity less than 0.8

IHA Parameter Group

Mean annual flow
Annual C.V. flow

Flow predictability
Constancy / predictability
7 Day min

Baseflow index

Date of maximum flow
Low pulse count

AWNNRRERPR

Table App2A.3. Variables derived from daily water temperaturesadinat were calculated using metrics
developed by Rivers-Mooret al. (2010).Table from Rivers-Mooret al(2010). See also (Rivers-Moogg al.
2008a, 2008b)

Mean annual temperature
SD of mean annual temperature
Annual coefficient of variability

Annual Predictability (Colwell 1974)
descriptive Annual range (mean)
statistics SD of annual range
Annual co. eff. var. of range
Summer range
Winter range
lc\:Aggftf?(l:)i/errr]]fgr(;lftudrﬁnghelasure of centr_al tendency) Oct - _Sep l\flean spring temperature (1 Sep - 30 Nov)
y means gives an expression
environmental contingency Rhean summer temperature (1 Dec - 28 Feb)
Group 1 Constancy = degree to which monthly means vary froomth Mean aqtumn temperature (1 Mar - 31 May)
to month Mean winter temperature (1June - 31 Aug)
Contingency = extent to which flows vary within amth
3-day minimum
7-day minimum
30-day minimum
90-day minimum (winter min)
1-day maximum
Magnitude and Duration of annual extreme water tampre | 3-day maximum
Group 2 conditions 1-day minimum (Based on moving averagég 7-day maximum
different durations) 30-day maximum
90-day maximum (summer max)
Degree days (annual)
Degree days (monthly)
Degree days (seasonal)
Mean daily maximum
Mean daily minimum
Maximum diel range
Group 3 Timing - Julian date of maximum and minimum metric®ate of minimum (Or date of 7 coldest days)
(thermal triggers) Date of maximum (Or date of 7 warmest days)
Min. temp threshold count
) . Max. temp threshold count
Frequency and duration (successive days of eveavealor Max. temp threshold duration
Group 4 below a threshold) in. temp threshold
(successive days exceeding MWAT) Min. temp thraﬂoma)& temp threshold
duration "
Duration between two temperatures (an upper andrlas
determined either by the temperature data or bicddg
cues)
Group 5 Rate and frequency of a change in conditionstfieabruptness Rate of change in daily range with downstream distg

and number of intra annual cycles of environmevaaiation)

Rate of change in max. temp threshold exceedante

downstream distance

258

Wi



Appendices

Table App2A.4. Thermal parameters showing negligible multicollingy (<0.8) used in the multivariate analyses
that guided site selection. The respective thenpaambmeter group from which the variable was catedlas
indicated.

Thermal parameters with multicollinearity less than0.8 Thermal Parameter Group
Annual C.V. of variation of temperature 1

Thermal predictability 1

Mean daily minimum 2

July monthly mean 2
November monthly mean 2

3 Day moving average of minimum temperature 2
Minimum temperature threshold exceedance count 4
Maximum temperature threshold exceedance count 4
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Temperature and flow metric outputs for the six stuly rivers

Appendices

Daily flow data for the six study rivers was anagsising Indicators of Hydrological Alteration (IA

Version 7 software. This software calculated ecahmty relevant parameters derived from daily flow
using metrics developed by Richtgral. (1996). For each river, barring the Elandspad Ri28 years
of flow data were analysed for the period from 1:2888. In the Elandspad only 19 years of data were

available. The output generated from IHA is presdiim Table 2B.1.

Table App2B.1. Flow metrics calculated for six rivers within theedfern Cape, South Africa. Data analysed
were collected by the department of water affairstfie period from 1988 — 2008. For the Elandspagionly

data from 1989-2008 were available.

Flow variables Egrste E[andspad M'olenaars Rpoi—EIs Kloof Wit Wolwekloof
River River River River River River
Mean annual flow 0.79 2.81 5.12 0.25 4.14 3.16
Annual C. V. 2.16 3.79 2.66 1.55 2.57 3.00
Flow predictability 0.41 0.54 0.51 0.56 0.39 0.32
Constancy/predictability 0.45 0.5 0.46 0.66 0.33 640.
% of floods in 60d period 0.33 0.37 0.36 0.44 0.29 0.30
Flood-free season 29 36 31 47 9 0
1-day minimum 0.001 0.238 0.390 0.059 0.106 0.001
3-day minimum 0.004 0.238 0.398 0.061 0.108 0.005
7-day minimum 0.006 0.240 0.405 0.062 0.119 0.007
30-day minimum 0.009 0.256 0.454 0.065 0.135 0.051
90-day minimum 0.023 0.277 0.532 0.074 0.192 0.097
1-day maximum 14.890 45.570 96.690 4.287 90.470 4118.
3-day maximum 8.008 33.180 62.290 2.691 64.490 17.45
7-day maximum 5.291 19.880 40.490 1.895 37.010 AT77
30-day maximum 2.913 9.551 18.840 0.981 18.200 .17
90-day maximum 2.103 6.616 12.690 0.553 11.570 71.28
Baseflow index 0.007 0.086 0.075 0.279 0.026 0.017
Date of minimum 71 84 72 120 61 112
Date of maximum 190 181 188 192 191 211
Low pulse count 12 4 4 4 5 4
Low pulse duration 3 17 17 7 13 7
High pulse count 16 13 12 8 16 5
High pulse duration 2 4 4 4 4 5
Number of reversals 134 75 90 78 86 54

Temperature metrics were developed by Rivers-Magireal. (2010) and applied to daily water

temperature data (computed from hourly water teaipe data) collected for six rivers in the Western
Cape, South Africa for the period from February2@®April 2010 (Table 2B.2). Annual metric values
were calculated for the period from 01 March 20928 February 2010.
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Table App2B.2. Temperature metrics calculated for six rivers wittie Western Cape, South Africa. Metrics
were calculated for the period from 01 March 20@B-+ebruary 2010.

Temperature Eerste Elandspad Molenaars Rooi-Els Kloof Wit Wolwekloof
variables River River River River River River
Max. threshold 18 18 18 18 18 18
Min. threshold 12 12 12 12 12 12
Annual Mean ( °C) 15.13 15.60 15.66 14.98 15.71 815.
Annual std. dev. (°C) 3.66 4.34 4.40 3.42 491 4.19
Annual C. V. 24.20 27.83 28.09 22.82 31.27 26.53
Pred. Colwell (P) 0.59 0.60 0.61 0.64 0.56 0.59
Constancy/predictability 0.46 0.35 0.36 0.42 0.31 .360
Min mean 13.70 14.10 14.30 14.29 13.94 14.08
Max mean 16.91 17.55 17.21 15.77 17.75 18.09
Range in mean 1.10 1.14 0.98 0.50 1.31 1.35
Jan 19.93 21.66 21.89 19.11 22.88 22.12
Feb 19.36 20.76 20.89 18.84 21.40 20.92
Mar 18.78 20.55 19.97 18.33 21.51 19.76
Apr 16.69 16.78 16.83 16.53 17.13 16.42
May 12.58 12.42 12.39 13.06 12.20 12.69
June 11.35 10.79 10.81 10.36 10.46 11.94
Jul 10.98 10.13 10.14 10.14 9.80 11.10
Aug 10.76 10.21 10.14 10.44 9.83 10.84
Sep 11.25 11.18 11.21 12.01 10.67 11.41
Oct 13.85 14.24 14.17 14.67 13.69 13.75
Nov 14.79 15.63 15.61 14.93 15.28 15.24
Dec 17.37 19.09 19.00 17.34 19.25 19.04
Min 1 day Mov. Ave. 6.94 7.67 7.59 6.69 7.12 5.95
Min 3 day Mov. Ave. 7.42 7.90 7.84 6.88 7.40 7.14
Min 7 day Mov. Ave. 8.71 8.54 8.47 7.82 7.95 7.71
Min 30 day Mov. Ave. 9.45 9.09 9.02 9.18 8.66 8.56
Min 90 day Mov. Ave. 9.85 9.52 9.44 9.64 8.96 8.87
Max 1 day Mov. Ave. 25.79 27.19 27.04 21.60 29.17 7.08
Max 3 day Mov. Ave. 25.19 26.18 26.13 21.37 28.21 6.32
Max 7 day Mov. Ave. 24.32 25.64 25.40 21.13 27.78 5.82
Max 30 day Mov. Ave. 23.04 25.06 24.49 20.39 27.10 24.95
Max 90 day Mov. Ave. 22.24 24.05 23.60 19.95 25.39 23.84
Degree days 5396.1 5549.5 5554.9 5337.0 5567.9 6530
Degree days max. 6041.2 6253.5 6105.3 5631.7 6278.5 6365.1
Range in max temp. 2.64 2.47 2.11 2.06 3.47 3.71
Min. threshold count 150 152 153 130 171 165
Max. threshold count 151 157 152 113 149 151
Min threshold duration 79 101 102 76 113 109
Max threshold duration 100 101 100 61 99 103
Julian Day min 163 163 163 163 162 160
Julian Day max 325 324 325 364 326 322
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APPENDIX 2C

Modelled water temperature data for the WolwekloofRiver

Water temperature data in the Wolwekloof River wasavailable for the period 5 May to 19 October
2009, owing to a water temperature logger locatétlinvthe riffle habitat at the site being washed
away by winter spates. Additionally, a replacemégger malfunctioned, producing unreliable
temperature readings from February 2009 to April@®0Water temperatures for this period were
however recorded from another properly functioniogger within a pool habitat at the same site.
Regression analyses were performed on water tetopesareadings recorded from these two habitats

(riffle and pool) for a period of overlap beforeettiffle logger malfunctioned (Fig. App2C.1).

30

10 | y =0.9983x +0.0162
R?=0.9972

Pool water temperature

0 5 10 15 20 25 30

Riffle water temperature

Fig App2C.1. Regression of hourly water temperature data ca@tedtom pool and riffle habitats in the
Wolwekloof River from 19 Oct 2009 to 27 January @01

Water temperatures recorded from the two habitatseiound to be almost identic’(= 0.99,p <
0.001). As such water temperatures from the poboithiawere used to infer water temperatures missing
for the period from February 2010 to April 2010.

Mean, minimum and maximum daily water temperatureshe Wolwekloof were estimated from
hourly (for some months 2-hourly) air temperatuand relative humidity values (collected for the @ger
River site — same catchment as the Wolwekloof Riymaroximately 5 kms apart),for the period where
data were missing, using models developed by RiMarsre et al. (2010) (Table App2C.1). Hourly

and 2-hourly air temperatures were converted tly dagéans before applying the model.
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Table App2C.1.Models developed by Rivers-Mooe¢ al. (2010)

All data (complex) — Unadjusted:

Mean - F(4, 9876) = 806&/T = -2.33 + 0.704T) + 0.08RH) + 0.9360) + 0.001Alt) (Model1)

Min - F(3, 9877) = 8062VT = -4.33 + 0.71&T) + 0.09RH) + 0.8760)

Max - F(4, 9876) = 806WT= 0.70QAT) + 0.07RH) +1.0160 + 0.001Alt)

Where WT is water temperature, AT is Air temperatiRH is relative humidity, SO is stream order Aftds site

altitude.

Values for these variables were obtained fromdsigcription data displayed in Tables 2.1, 2.2 ad 2

of Chapter 2. The results of Model 1 yielded anroestimation of winter temperatures and slight
underestimation of summer temperatures. The modsl therefore adjusted to better fit mean water
temperatures over winter by using complete datdfetvater and air temperatures obtained for thie Wi
and Elandspad rivers. Constants were adjusted mmutilelled water temperatures best reflected the
observed mean water temperatures for these twasri@leig. App2C.2). The constants that were

adjusted in the model for the winter period arenghan bold face in Table 2C.2.

Table App2C.2. Adjusted models based on those developed by RMeiwe et al. (2010). Values in bold face
indicate adjusted values.

All data (complex) winter — Adjusted

Mean - F(4, 9876) = 806&/T=—6.00+ 0.70AT) + 0.08RH) + 0.9360) + 0.001Alt) (Model 2)

Min - F(3, 9877) = 8062VT=—6.70+ 0.71AT) + 0.09RH) + 0.8760)

Max - F(4, 9876) = 806W/T= 0.58(AT) + 0.03§RH) +1.0160) + 0.001Alt)

Where WT is water temperature, AT is Air temperatiRH is relative humidity, SO is stream order Aftds site

altitude.
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Fig App2C.2. Modelled water temperatures using a winter-adjusteztiel in relation to observed water
temperatures collected for the Elandspad Rivethfemperiod February 2009 to April 2010.

The model using adjusted constants was then reapii the Wolwekloof air temperatures (Model 2)
(Fig. App2C.3). This adjusted model showed a betttimation of winter temperatures. This was
repeated for the models that were used to estimatan minimum temperatures and mean maximum
temperatures. As winter was the period that waagbeiodelled in the Wolwekloof the model was
adjusted to provide a better fit only for the wmperiod. The model formula (Model 2) with adjusted

constants is shown in Fig. App2C.3.
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Water temperature

—e— Obsened

—— Model 1
Model 2
8 T T
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2009 Month 2010

Fig App2C.3. Water temperatures modelled using a winter-adjustedel (Model 2) in relation to observed water
temperatures collected for Wolwekloof River for tperiod February 2009 to April 2010. Model 1 reprgs an
unadjusted model.
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Outputs from hydrological and thermal regime shiftanalyses

Appendices

The Sequential T-test Analysis of Regime ShiftsABE) software, v3.2 (see Rodionov 2004), was

used to analyse daily flow and water temperatuta fibat the six study rivers.

Table App2D.1.Hydrological regime shift outputs for mean dailgvil data collected from each of the six study
rivers for the period from February 2009 to ApI1D.

River Date of Regime  Magnitude of Regime shift Description of regime Duration of Mean Daily flow
shift (RSI of Daily Range) regime (m¥sec)
Eerste 09/02/01 0 Summer baseflow 103 0.03
Eerste 09/05/15 1.12 Mid-autumn spate 5 4.11
Eerste 09/05/20 -1.14 Decline after mid-autumnespat 9 0.28
Eerste 09/05/29 0.32 Late autumn spate 6 2.52
Eerste 09/06/04 0.49 Early winter 1 spate 3 9.86
Eerste 09/06/07 -1.93 Decline after early wintspate 16 2.10
Eerste 09/06/23 0.68 Early winter 2 spate 4 5.87
Eerste 09/06/27 -1.37 Decline after early wintspate 15 0.99
Eerste 09/07/12 0.47 Mid-winter spate 4 5.66
Eerste 09/07/16 -0.76 Decline after mid-winter spat 33 1.24
Eerste 09/08/18 0.13 Late winter spate 5 3.37
Eerste 09/08/23 -0.32 Decline after late wintetespa 77 1.08
Eerste 09/11/08 1.38 Late spring spate 5 5.61
Eerste 09/11/13 -1.16 Decline after late sprindespabaseflows 167 0.14
Elandspad 09/02/01 0 Summer Baseflow 123 1.19
Elandspad 09/06/04 0.76 Early winter 1 spate 3 B34
Elandspad 09/06/07 -1.57 Decline after early wititspate 16 7.13
Elandspad 09/06/23 0.51 Early winter 2 spate 3 1.8
Elandspad 09/06/26 -2.17 Decline after early wittspate 135 3.39
Elandspad 09/11/08 0.80 Late spring spate 6 17.14
Elandspad 09/11/14 -0.90 Decline after late spspage to baseflows 166 0.50
Molenaars 09/02/01 0 Summer Baseflow 123 2.29
Molenaars 09/06/04 0.52 Early winter 1 spate 4 52.6
Molenaars 09/06/08 -0.90 Decline after early wirltespate 15 14.26
Molenaars 09/06/23 0.39 Early winter 2 spate 3 £4.3
Molenaars 09/06/26 -1.45 Decline after early wirapate 135 6.68
Molenaars 09/11/08 0.64 Late spring spate 6 36.62
Molenaars 09/11/14 -0.71 Decline after late spspate to baseflows 166 1.02
Rooi-Els Kloof 09/02/01 0 Summer Baseflow 142 0.18
Rooi-Els Kloof 09/06/23 4.08 Early winter 1 spate 3 4.03
Rooi-Els Kloof 09/06/26 -3.97 Decline after earlinter 1 spate 136 0.38
Rooi-Els Kloof 09/11/09 0.79 Late spring spate 7 321.
Rooi-Els Kloof 09/11/16 -0.42 Decline after lateiag spate to baseflows 164 0.13
Wit 09/02/01 0 Summer Baseflow 103 0.24
Wit 09/05/15 0.34 Mid-autumn spate 5 32.26
Wit 09/05/20 -0.29 Decline after mid-autumn spate 9 3.97
Wit 09/05/29 2.20 Late autumn spate 10 37.36
Wit 09/06/08 -0.75 Decline after late autumn spate 34 13.83
Wit 09/07/12 0.06 Mid-winter spate 7 27.81
Wit 09/07/19 -0.45 Decline after mid-winter spate 32 12.30
Wit 09/08/11 0.93 Late winter spate 13 28.72
Wit 09/08/24 -0.96 Decline after late winter spate 18 19.17
Wit 09/09/11 -1.03 Late winter decline after susta high winter flows 60 2.32
Wit 09/11/10 0.13 Late spring spate 8 13.84
Wit 09/11/18 -0.36 Decline after late spring spatbaseflows 162 0.27
Wolwekloof 09/02/01 0 Summer Baseflow 103 0.12
Wolwekloof 09/05/15 0.86 Mid-autumn spate 4 7.82
Wolwekloof 09/05/19 -1.09 Decline after mid-autuspate 35 2.23
Wolwekloof 09/06/23 0.45 Early winter 2 spate 3 8.2
Wolwekloof 09/06/26 -1.94 Decline after early winfespate 16 0.02
Wolwekloof 09/07/12 0.02 Mid-winter spate 5 4.62
Wolwekloof 09/07/17 -0.38 Decline after mid-wintgate 114 0.49
Wolwekloof 09/11/08 1.61 Late spring spate 2 12.21
Wolwekloof 09/11/15 -0.34 Decline after late spragate to baseflows 165 0.01
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Daily flow data were analysed using the Ordinaryadte Squares (OLS) parameter estimator in
conjunction with the prewhitening function. A deltasub sample setting size was used and the
significance level was set to 0.05. A cut off ldngf 5 was used and the Huber parameter was det to
(see Rodionov & Overland 2005 for details).

Table App2D.2.Thermal regime shift outputs for mean daily rang&vater temperature data collected from each
of the six study rivers for the period from Febgua®09 to April 2010.

Date of Regime  Magnitude of Regime shift Duration of Mean daily range

River . . Description of Regime regime shift in water
shift (RSI of Daily Range) (Days) temperature (°C)
Eerste 09/03/20 -0.05 Start of early autumn 179 521
Eerste 09/09/16 0.28 Start of early spring 27 3.64
Eerste 09/10/15 0.12 Start of mid-spring 20 5.02
Eerste 09/11/04 -1.81 Spring cold front 9 1.83
Eerste 09/11/16 2.05 Start of late spring/summer 99 5.43
Eerste 10/02/20 -0.18 Start of early autumn 55 3.62
Eerste 10/04/16 -0.22 Start of mid-autumn/winter 7 2.21
Elandspa 09/04/1* -1.0¢€ Start of early autun 28 2.5
Elandspad 09/05/13 -0.36 Start of mid-autumn/winter 128 1.49
Elandspad 09/09/18 0.08 Start of early spring 28 742.
Elandspad 09/10/16 0.39 Start of mid-spring 20 4.42
Elandspad 09/11/05 -1.57 Spring cold front 10 1.89
Elandspad 09/11/15 2.04 Start of late spring/summer 112 5.59
Elandspad 10/03/06 -0.33 Start of early autumn 38 334
Elandspad 10/04/14 -0.13 Start of mid-autumn/winter 11 3.12
Molenaar 09/03/2: -0.1( Start of early autun 23 1.0z
Molenaars 09/04/15 -0.25 Start of mid-autumn/winter 134 1.52
Molenaars 09/08/27 0.15 Start of early spring 32 252.
Molenaars 09/09/28 0.22 Start of mid-spring 30 3.49
Molenaars 09/10/28 0.31 Hot spell 8 5.08
Molenaars 09/11/05 -2.28 Spring cold front 9 1.92
Molenaars 09/11/14 2.07 Start of late spring/summer 115 4.85
Molenaars 10/03/09 -0.12 Start of early autumn 37 563
Molenaars 10/04/15 -0.27 Start of mid-autumn/winter 11 2.55
Rooi-Els Kloof 09/04/2: -0.37 Start of micautumn/winte 11¢ 1.1Z
Rooi-Els Kloof 09/08/18 0.18 Start of early spring 87 1.62
Rooi-Els Kloof 09/11/13 0.39 Start of late springfsmer 114 2.03
Rooi-Els Kloof 10/03/07 -0.26 Start of mid-autumiviter 50 1.30
Wit 09/04/0: -0.02 Start of early autun 13 4.5¢
Wit 09/04/16 -0.44 Start of mid-autumn/winter 164 .81
Wit 09/09/27 0.06 Start of mid-spring 40 3.99
Wit 09/11/06 -0.39 Spring cold front 8 1.71
Wit 09/11/14 1.11 Start of late spring/summer 28 414.
Wit 09/12/12 0.78 Start of early summer 87 7.06
Wit 10/03/09 -0.06 Start of early autumn 41 4.82
Wit 10/04/19 -0.52 Start of mid-autumn/winter 6 2.8
Wolwekloof 09/04/1¢ -0.51 Start of micautumn/winte 187 1.07
Wolwekloof 09/10/19 0.75 Start of mid-spring/arifa 17 3.70
Wolwekloof 09/11/06 -1.48 Start of spring coldrtanid- 9 1.14
Wolwekloof 09/11/15 181 Start of late spring/summe 129 441
Wolwekloof 10/03/24 -0.02 Start of early autumn 24 3.26
Wolwekloof 10/04/17 -0.05 Start of mid-autumn/winte 7 2.06

Daily water temperature data (mean daily rangedtewtemperature) were analysed using the Ordinary
Least Squares (OLS) parameter estimator in coripmetith the prewhitening function. A significance
level of 0.01 was set — such that only regime stsignificant at this level of confidence were detd

and displayed. A cut off length of 10 was used tmedHuber parameter was set to 1 (see Rodionov &
Overland 2005 for further details).
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APPENDIX 3A

Descriptions of the setal patterns of mature and eby instar nymphs of species of the stonefly
genusAphanicercella
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Fig. App3A.1. Abdominal setal patterns of mature nymphs of fqaecges ofAphanicercellaA, Aphanicercella
clavatg B, Aphanicercella barnardiC, Aphanicercella flabellataD, Aphanicercella scutateBetal patterns were
used to distinguish nymphs collected and analysedhe study of life-histories (Chapter 4). Abbmions: S =
sternite; T = tergite.
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Fig. App3A.2. Abdominal setal patterns of immature nymphs (apipnately instars 1-5) of three species of
Aphanicercella.A, Aphanicercella barnardiB, Aphanicercella flabellataC, Aphanicercella scutatat 40X
magnification Setal patterns were used to distinguish immaturaphg collected and analysed for the study of
life-histories (Chapter 4). Abbreviations: T =gie.

Table App3A.1. Average number of setae per abdominal segmentofar $pecies ofAphanicercella
collected in this study - compared to data fronv&tes (2009). Range in brackets.

Dorsal abdominal hairs

This study From Stevens (2009)
Abdominal A. barnardi A. clavata A. flabellata A. scutata A. clavata sp. A. scutata
segment n=11 n=1 n=10 n=19 n=19 n=2
1 1.9 (1-2) 4 3.1(1-5) 2.15 (2-3) 2.5(2-5) 1.000-2
2 2 3 3.0 (1-5) 2.15 (2-3) 2.4(2-4) 2
3 2 3 2.7 (2-3) 2.2 (2-3) 2.3(2-4) 2
4 2 2 2.6 (1-4) 2.0 (1-3) 2.1(1-4) 2
5 2 2 2.4 (1-3) 2.0 (1-3) 2.0(1-3) 1.5(1-2)
6 2.0 (1-3) 3 3.0 (2-4) 2.0(1-2) 2 2
7 2.1(2-3) 3 5.6 (2-8) 2 2.0(1-3) 2
8 2.5(2-3) 4 8.1 (7-10) 4.0 (3-5) 3.1(2-6) 3.5(3-4
9 45 (2-5) 4 9.4 (5-12) 5.8 (4-9) 5.1(4-9) 6.506-7
10 7.0 (5-10) 9 9.9 (8-14) 7.0 (4-11) 5.7(3-9 9-089
Ventral abdominal hairs
This study From Stevens (2009)
Abdominal A. barnardi A. clavata A. flabellata A. scutata A. clavata sp.  A. scutata
segment n=4 n=1 n=1 n=1 n=19 n=2
1 4 2 4 2 0 0
2 4 2 4 2 2.0(1-4) 2.0(0-4)
3 4 2 4 2 1.9(0-4) 3.0(2-4)
4 4 2 4 2 1.9(0-4) 2
5 4 2 4 2 1.8(0-2) 3.0(2-4)
6 3.5(2-4) 2 4 2 1.9(1-3) 3.0(2-4)
7 2 2 4 2 1.9(1-2) 2
8 2 2 2 2 2.2(1-4) 2.5(2-3)
9 4 4 4 4 3.8(1-6) 6
10 9.8 (9-10) 0 12 2 0.6(0-4) 2
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APPENDIX 3B

Images of all specimens collected for genetic analyses from the three gené&estagella, Aphanicercelland Chimarra) assessed in this study.

Eerste Elandspad Molenaars Rooi-Els Kloof Window Wit Wolwekloof

EerLp1 ill % ElaLp1

EerLp2

% ElaLp3

Fig. App3B.1.Images of specimens akestagella penicillatalnymphs) collected for genetic analysis from seven localities in the Western Cape, South Africa. Specimen
sample codes are indicated in the bottom left corner of each image. * Denotes specimens from which DNA was successfully sequenced for use in phylogenetic analyses
Images were taken using a Leica EZ 4 dissecting microscope equipped with a digital camera.
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Fig. App3B.2. Images of specimens @jphanicercellacollected for genetic analysis from several litiea in the Western Cape, South Africa. Specimen
sample codes are indicated in the bottom left casheach imageA, Aphanicercella barnardinymphs);B, Aphanicerella clavatdadults);C, Aphanicercella
flabellata (nymphs and a single adult). * Denotes specimes fvhich DNA was successfully sequenced for ugghiylogenetic analyses. Images were taken

using a Leica EZ 4 dissecting microscope equippéd avdigital camera.
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Elandspad Wit Wolwekloof Wolwekloof
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Fig. App3B.3. Images of specimens @jphanicercellacollected for genetic analysis from several litiea in the Western Cape, South Africa. Specimen
sample codes are indicated in the bottom left cooieeach imageA, Aphanicercella scutatgnymphs);B, Aphanicerella scutatgadults). * Denotes
specimens from which DNA was successfully sequerfoedise in phylogenetic analyses. Images werentalgng a Leica EZ 4 dissecting microscope

equipped with a digital camera.
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Eerste Elandspad Molenaars Rooi-Els Kloof Window Wit Wolwekloof
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Fig. App3B.4 Images of specimens @himarra ambulanglarvae) collected for genetic analysis from selaalities in the Western Cape, South Africa.
Specimen sample codes are indicated in the bogfntcdrner of each image. * Denotes specimens frdniich DNA was successfully sequenced for use in
phylogenetic analyses. Images were taken usingca IEZ 4 dissecting microscope equipped with aaligiamera.
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Window

Fig. App3B.5. Images of specimens @himarra ambulangadults) collected for genetic analysis from gk locality (Window stream) in the Western
Cape, South Africa. Specimen sample codes areataticdn the bottom left corner of each image. * @er specimens from which DNA was successfully
sequenced for use in phylogenetic analyses. Imagestaken using a Leica EZ 4 dissecting microsempgpped with a digital camera.
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APPENDIX 3C

Accession number of the CO1 DNA barcode region sequces for species used as outgroups in the
phylogenetic trees constructed for each genus assed in this study

Sequences were obtained from GenBank using a BLA®arch.

Ephemeroptera:
Eurylophella temporalifamily Ephemerellidae

GenBank Accession number: JQ662039.1

Plecoptera:
Aphanicerca capensigamily Notonemouridae

GenBank Accession number: AF429300.1

Trichoptera:

Dolophilodes distinctugamily Philopotamidae

GenBank Accession number: ADR69530.1
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APPENDIX 3D

Results of the maximum likelihood fit analysis of ncleotide substitution models for each genus assedsn this study.

Table App3D.1. Maximum likelihood fits of 24 different nucleotidaubstitution models for specimens lafstagella penicillataNOTE- Models with the lowest BIC scores (Bayesiaformation Criterion) are
considered to describe the substitution patternbdst. For each model, AICc value (Akaike InformatiCriterion, corrected), Maximum Likelihood valdaL), and the number of parameters (including bhan
lengths) are also presented (Nei and Kumar 200@)-Iniformity of evolutionary rates among sites rb@ymodelled by using a discrete Gamma distribugid®) with 5 rate categories and by assuming thertain
fraction of sites are evolutionarily invariable \+MWhenever applicable, estimates of gamma shapemater and/or the estimated fraction of invariaites are shown. Assumed or estimated values of
transition/transversion bias (R) are shown for eacldel, as well. They are followed by nucleotidegirencies (f) and rates of base substitution®(@dch nucleotide pair. Relative values of instaebus r should be
considered when evaluating them. For simplicitynsef r values is made equal to 1 for each modet. @stimating ML values, a tree topology was auticadly computed. The analysis involved 17 nuclestid
sequences. Codon positions included were 1st+2ddhN&8mcoding. All positions containing gaps and tnigdata were eliminated. There were a total of pd§itions in the final dataset. Dark grey shadiegotes

the model used for constructing the ML phylogranilevtight grey shading denotes the model used fbahd ME phylogram construction.

Model Pzr. BIC AlCc InL Invariant ~ Gamma R qu F[req Frgq Frgq A-|=-> Ac=:> A(z; TZ> T(=;> T(=;> C;> C‘? Cc=;> GA=> G‘? G(=Z>
| NS a7 482527 45563 224068 064 nA  B5L 022 032 075 021 002 002 03 001 0.1 00l 001 014 001 032 002 02
T92+ 34 482579  4577.99 -2254.89 0.63 n/a 421 702027 023 023 003 002 018 003 018 0.02 00822 002 022 003 0.02
TNO3+G+I 38 4834.58 4557.65 -2240.69 0.64 200.00 526. 0.22 032 025 021 0.02 0.02 0.3 0.01 011 o0.0001 014 001 032 002 0.02
K2+1 33 4834.64 4594.12 -2263.96 0.63 n/a 403 02825 025 025 0.02 0.02 0.2 0.02 0.2 0.02 0.02 2 0.0.02 0.2 0.02 0.02
T92+G+I 35 4835.12 4580.04 -2254.9 0.00 0.20 454270 027 023 023 002 002 019 002 019 0.02020.022 002 022 0.02 0.02
HKY+I 36 4836.6 4574.24 -2250.99 0.62 n/a 367 02032 025 021 004 003 016 002 019 002 00R25 002 017 004 0.03
K2+G+l 34 4842.17  4594.37 -2263.07 0.60 2.96 430250 025 025 025 002 002 02 002 02 002 0022 002 02 002 002
HKY+G+l 37 484249  4572.84 -2249.29 0.57 1.82 4.180.22 032 025 021 003 002 017 002 02 0.02020. 026 0.02 018 0.03 0.02
GTR+I 40 4848.61  4557.12 -2238.41 0.64 n/a 7.08 202032 025 021 0 0.03 031 0 0.1 002 0.02 0.14 00.33 0.03 0
T92+G 34 4854.61 4606.81  -2269.29 n/a 0.52 299 027 027 023 023 003 003 017 0.03 017 003 003 021 0.3 021 003 0.03
GTR+G+I 41 4857.91 4559.15 -2238.41 0.64 200.00 67.0022 032 025 021 0 0.03 031 0 0.1 0.02 0.02.140 O 0.33 0.03 0
HKY+G 36 4861.24 4598.88 -2263.32 n/a 0.53 295 202032 025 021 004 003 015 003 0.18 003 0.0824 003 016 0.04 0.03
K2+G 33 4862.74 4622.22 -2278.01 n/a 0.53 294 02825 025 025 003 003 019 003 019 003 00819 003 019 003 0.03
TN93+G 37 4868.1 4598.45 -2262.1 n/a 0.53 295 0232 025 021 004 003 018 003 016 003 00821 003 019 004 0.03
GTR+G 40 4891.66  4600.17 -2259.94 n/a 0.54 292 202032 025 021 005 005 018 004 016 002 0.0822 002 019 0.03 0.02
T92 33 4980.45  4739.94 -2336.87 n/a n/a 231 027270 023 023 004 003 016 004 016 0.03 004190. 003 019 0.04 0.03
HKY 35 4982.73  4727.65 -2328.71 n/a n/a 232 022.320 025 021 005 0.04 014 003 017 0.03 003230.003 015 005 0.04
K2 32 4985.25  4752.01 -2343.91 n/a n/a 230 025250. 025 025 004 004 017 004 017 004 0.04 701004 017 004 0.04
TNO3 36 4991.68 4729.31 -2328.53 n/a n/a 232 0232 025 021 005 004 015 003 016 003 003220 003 016 0.05 0.04
GTR 39 5009.48 4725.28 -2323.5 n/a n/a 232 022320. 025 021 007 005 015 005 016 002 004 20.2002 016 0.03 0.03
JC+I 32 5019.62 4786.39 -2361.1 0.59 n/a 050 0225 025 025 008 008 0.08 008 008 008 0.08.080 008 008 008 0.08
JC+G 32 5025.07 4791.84 -2363.82 n/a 0.32 050 02625 025 025 008 008 008 008 008 008 00808 008 008 008 0.08
JC+G+l 33 5034.37  4793.85 -2363.82 0.00 0.32 050250 025 025 025 0.08 0.08 008 008 008 0.08080. 008 0.08 008 0.08 0.08
Jc 31 5134.76  4908.81 -2423.31 n/a n/a 050 0.25250.025 025 0.08 008 0.08 008 0.08 008 0.08 800008 0.08 008 0.08
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Abbreviations: GTR: General Time Reversible; HKYad¢gawa-Kishino-Yano; TN93: Tamura-Nei; T92: Tanu@arameter; K2: Kimura 2-parameter; JC: Jukest@an
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Table App3D.2.Maximum likelihood fits of 24 different nucleotidribstitution models for specimensAghanicercellaNOTE- Models with the lowest BIC scores (Bayedigiormation Criterion) are considered to
describe the substitution pattern the best. Folh eaadel, AlICc value (Akaike Information Criteriooorrected), Maximum Likelihood value (InL), and thember of parameters (including branch lengths)adso
presented (Nei and Kumar 2000). Non-uniformity wdlationary rates among sites may be modelled lnygus discrete Gamma distribution (+G) with 5 reé¢egories and by assuming that a certain fractfaites
are evolutionarily invariable (+1). Whenever applite, estimates of gamma shape parameter and/estineated fraction of invariant sites are showssuined or estimated values of transition/transwersias (R)
are shown for each model, as well. They are foliblg nucleotide frequencies (f) and rates of babstitutions (r) for each nucleotide pair. Relathadues of instantaneous r should be consideredh whealuating
them. For simplicity, sum of r values is made edadl for each model. For estimating ML valueseg topology was automatically computed. The amalpsolved 14 nucleotide sequences. Codon positiocluded
were 1st+2nd+3rd+Noncoding. All positions containgeps and missing data were eliminated. There aéogal of 629 positions in the final dataset.rlDgrey shading denotes the model used for cortsigithe

NJ, ME and ML phylogram

Model Pzr. BIC AlCc InL Invariant ~ Gamma qu F[req Frgq Fg’q A‘I='> AC=:> A=>  T=> T=> T=> C;> C:> CC=5> GA=> G_If> G(=:>
| TomG 2800 50770 330956 162669  na 016 260 03L 031 019 019 004 002 014 004 014 002 004 023 002 023 004 002
T92+G+I 29.00 3516.25 3311.04 -1626.42 0.39 037 722. 031 0.31 0.19 0.19 0.04 0.02 0.14 0.04 0.14 2 0.00.04 0.23 0.02 0.23 0.04 0.02
HKY+G 30.00 3518.41 3306.13 -1622.96 n/a 0.17 2.5M.27 0.35 0.19 0.18 0.05 0.03 0.13 0.04 0.14 0.03.04 0 0.26 0.03 0.20 0.05 0.03
TN93+G 31.00 3525.32 3305.97 -1621.87 n/a 0.19 2.4D.27 0.35 0.19 0.18 0.05 0.03 0.10 0.04 0.17 0.08.04 0.31 0.03 0.14 0.05 0.03
HKY+G+I 31.00 3526.87 3307.52 -1622.65 0.40 0.43 552. 0.27 0.35 0.19 0.18 0.05 0.03 0.13 0.04 0.14 2 0.00.04 0.26 0.02 0.20 0.05 0.03
TNO3+I 31.00 3527.53 3308.18 -1622.97 0.68 n/a 2.28.27 0.35 0.19 0.18 0.05 0.03 0.10 0.04 0.16 0.08.04 0.30 0.03 0.15 0.05 0.03
GTR+G 34.00 3531.05 3290.49 -1611.11 n/a 0.25 2.20.27 0.35 0.19 0.18 0.10 0.04 0.09 0.07 0.17 0.00.050 0.32 0.00 0.13 0.01 0.00
GTR+I 34.00 3532.65 3292.10 -1611.91 0.65 n/a 2.16.27 0.35 0.19 0.18 0.10 0.04 0.09 0.07 0.17 0.00.06 0 0.32 0.00 0.13 0.01 0.01
HKY+I 30.00 3533.01 3320.73 -1630.26 0.54 n/a 2.010.27 0.35 0.19 0.18 0.06 0.03 0.13 0.04 0.13 0.03.04 0 0.24 0.03 0.18 0.06 0.03
TN93+G+I 32.00 3533.69 3307.26 -1621.51 0.42 050 .492 0.27 0.35 0.19 0.18 0.05 0.03 0.10 0.04 0.17 03 0. 0.04 0.31 0.03 0.15 0.05 0.03
GTR+G+I 35.00 3539.74 3292.12 -1610.91 0.39 0.63 252. 0.27 0.35 0.19 0.18 0.10 0.04 0.09 0.07 0.17 0 0.00.05 0.32 0.00 0.13 0.01 0.00
K2+G 27.00 3558.42 3367.35 -1656.59 n/a 0.18 2.41.250 0.25 0.25 0.25 0.04 0.04 0.18 0.04 0.18 0.04 04 0. 0.18 0.04 0.18 0.04 0.04
K2+G+l 28.00 3566.82 3368.68 -1656.25 0.42 0.46 52.40.25 0.25 0.25 0.25 0.04 0.04 0.18 0.04 0.18 0.00.04 0.18 0.04 0.18 0.04 0.04
T92 27.00 3569.94 3378.87 -1662.35 n/a n/a 1.75 1 0.30.31 0.19 0.19 0.05 0.03 0.12 0.05 0.12 0.03 0.08.20 0.03 0.20 0.05 0.03
GTR 33.00 3574.32 3340.83 -1637.29 n/a n/a 1.75 7 0.20.35 0.19 0.18 0.11 0.04 0.09 0.09 0.16 0.01 0.06.29 0.01 0.13 0.01 0.01
HKY 29.00 3576.50 3371.29 -1656.54 n/a n/a 1.75 70.20.35 0.19 0.18 0.06 0.03 0.12 0.05 0.12 0.03 0.08.23 0.03 0.18 0.06 0.03
T92+I 28.00 3579.02 3380.87 -1662.34 0.00 n/a 1.79.31 0.31 0.19 0.19 0.05 0.03 0.12 0.05 0.12 0.03.050 0.20 0.03 0.20 0.05 0.03
TN93 30.00 3579.26 3366.98 -1653.38 n/a n/a 1.77 27 0. 0.35 0.19 0.18 0.06 0.03 0.09 0.05 0.15 0.03 50.00.28 0.03 0.13 0.06 0.03
K2+l 27.00 3600.16 3409.09 -1677.46 0.28 n/a 1.81.250 0.25 0.25 0.25 0.04 0.04 0.16 0.04 0.16 0.04 04 0. 0.16 0.04 0.16 0.04 0.04
JC+G 26.00 3614.13 3430.12 -1688.98 n/a 0.20 0.50.25 0 0.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08 08 0. 0.08 0.08 0.08 0.08 0.08
K2 26.00 3614.50 3430.50 -1689.17 n/a n/a 1.75 0.28.25 0.25 0.25 0.05 0.05 0.16 0.05 0.16 0.05 0.0b.16 0.05 0.16 0.05 0.05
JC+G+l 27.00 3623.06 3431.99 -1688.91 0.44 0.61 0 0.50.25 0.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08.08 0.08 0.08 0.08 0.08 0.08
JC 25.00 3664.26 3487.32 -1718.59 n/a n/a 0.50 0.26.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08 0.08.08 0.08 0.08 0.08 0.08
JC+I 26.00 3664.32 3480.32 -1714.08 0.12 n/a 0.50.250 0.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08 08 0. 0.08 0.08 0.08 0.08 0.08
277

Abbreviations: GTR: General Time Reversible; HKYad¢gawa-Kishino-Yano; TN93: Tamura-Nei; T92: Tanu@arameter; K2: Kimura 2-parameter; JC: Jukest@an



Appendices
Table App3D.3.Maximum likelihood fits of 24 different nucleotidbstitution models for specimens@fimarra ambulansNOTE- Models with the lowest BIC scores (Bayediafiormation
Criterion) are considered to describe the subgiitypattern the best. For each model, AlCc valuea{Re Information Criterion, corrected), Maximurmkelihood value (InL), and the number of
parameters (including branch lengths) are alsoepted (Nei and Kumar 2000). Non-uniformity of evauary rates among sites may be modelled by usidggcrete Gamma distribution (+G)
with 5 rate categories and by assuming that aioefrtaction of sites are evolutionarily invariallel). Whenever applicable, estimates of gamma sipapameter and/or the estimated fraction of
invariant sites are shown. Assumed or estimatedegadf transition/transversion bias (R) are shownefich model, as well. They are followed by nuilleofrequencies (f) and rates of base
substitutions (r) for each nucleotide pair. Rekatisalues of instantaneous r should be considerezhwlialuating them. For simplicity, sum of r valigsnade equal to 1 for each model. For
estimating ML values, a tree topology was autoradlficcomputed. The analysis involved 14 nucleoti#guences. Codon positions included were 1st+2deNBmcoding. All positions
containing gaps and missing data were eliminatbérd were a total of 525 positions in the finabgdat. Dark grey shading denotes the model usezbfmtructing the ML phylogram while light
grey shading denotes the model used for NJ and Wt gram construction.

# Freq Freq Freq Freq A=> A=> A=> T=> T=> T=> C=> C=> C= G6G=> G6G=> G=>

Model Par. BIC AlCc InL Invariant Gamma R A T C G T C G A c G A T G A T C

| HKYsG 3000 314794 294112 144043  wa 013 781 028 036 022 014 002 001 012 002 019 00L 002 03 001 025 002 001

T92+G 28.00 3152.66  2959.62 -1451.70 n/a 0.13 8.16 032 032 018 018 002 0.01 0.16 0.02 016 001 002 029 001 029 0.02 0.01
T2+l 28.00 3153.85 2960.80 -1452.29 0.63 n/a 8.49.32 0.32 0.18 0.18 0.02 0.01 0.16 0.02 0.16 0.01.020 0.29 0.01 0.29 0.02 0.01
TN93+G 31.00 3156.15 2942.44 -1440.09 n/a 0.14 7.80.28 0.36 0.22 0.14 0.02 0.01 0.10 0.02 0.21 0.00.02 0.36 0.01 0.21 0.02 0.01
HKY+G+I 31.00 3156.84 2943.14 -1440.43 0.00 0.13 817. 0.28 0.36 0.22 0.14 0.02 0.01 0.12 0.02 0.19 1 0.00.02 0.32 0.01 0.25 0.02 0.01
TNO3+I 31.00 3159.75 2946.05 -1441.89 0.63 n/a 8.340.28 0.36 0.22 0.14 0.02 0.01 0.15 0.01 0.17 0.00.01 0.29 0.01 0.29 0.02 0.01
T92+G+I 29.00 3161.56 2961.63 -1451.70 0.00 0.13 168. 032 032 018 0.18 002 001 016 002 016 10.0002 029 001 029 0.02 o0.01
TNO3+G+I 32.00 3165.05 2944.46 -1440.09 0.00 0.14 817 028 036 022 014 002 001 0120 002 021010 002 036 001 021 0.02 0.01
GTR+G 34.00 3178.22 2943.86 -1437.77 n/a 0.14 7.46.28 036 022 014 001 003 010 001 0.22 0.01.040 037 000 020 0.02 0.00
GTR+I 34.00 3183.03 2948.67 -1440.17 0.63 n/a 8228 036 022 014 001 002 014 001 0417 0.01.030 029 000 029 0.02 0.00
GTR+G+I 35.00 3187.12 2945.88 -1437.77 0.00 0.14 467. 0.28 0.36 0.22 0.14 0.01 0.03 0.10 0.01 0.22 1 0.00.04 0.37 0.00 0.20 0.02 0.00
K2+G 27.00 3210.44 3024.28 -1485.04 n/a 0.14 6.80.250 0.25 0.25 0.25 0.02 0.02 0.22 0.02 0.22 0.02 02 0. 0.22 0.02 0.22 0.02 0.02
HKY 29.00 3211.64 3011.70 -1476.73 n/a n/a 2.31 80.20.36 0.22 0.14 0.05 0.03 0.10 0.04 0.15 0.02 0.00.26 0.02 0.20 0.05 0.03
T92 27.00 3217.79 3031.63 -1488.71 n/a n/a 2.30 2 0.30.32 0.18 0.18 0.05 0.03 0.13 0.05 0.13 0.03 0.06.23 0.03 0.23 0.05 0.03
TN93 30.00 3218.10 3011.28 -1475.51 n/a n/a 233280. 036 022 014 005 003 008 004 017 0.02 40.0029 0.02 016 0.05 0.03
K2+G+l 28.00 3219.34 3026.29 -1485.04 0.00 0.14 06.80.25 025 025 025 002 002 022 002 022 00R02 022 002 022 002 0.02
HKY+I 30.00 3220.54 3013.72 -1476.73 0.00 n/a 231028 036 022 014 005 003 010 004 015 0.02.040 026 0.02 020 0.05 0.03
K2+l 27.00 3233.36 3047.20 -1496.50 0.48 n/a 3.15.250 025 025 025 003 003 019 003 019 003030.019 003 019 0.03 0.03
GTR 33.00 3235.73 3008.25 -1470.97 n/a n/a 2.33 8 0.20.36 0.22 0.14 0.06 0.05 0.08 0.05 0.18 0.01 0.00.29 0.00 0.16 0.04 0.00
K2 26.00 3268.86 3089.58 -1518.70 n/a n/a 2.26 0.28.25 0.25 0.25 0.04 0.04 0.17 0.04 0.17 0.04 0.00.17 0.04 0.17 0.04 0.04
JC+G 26.00 3315.48 3136.21 -1542.01 n/a 0.27 0.50.25 0 0.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08 08 0. 0.08 0.08 0.08 0.08 0.08
JC+G+I 27.00 3324.06 3137.90 -1541.84 0.34 0.54 0 0.50.25 0.25 0.25 0.25 0.08 0.08 0.08 0.08 0.08 0.08.08 0.08 0.08 0.08 0.08 0.08
JC+I 26.00 3340.95 3161.68 -1554.74 0.20 n/a 050250 025 025 025 008 008 008 008 008 0.08080. 008 0.08 0.08 008 0.08
JC 25.00 3344.62 3172.24 -1561.03 n/a n/a 050 02825 025 025 008 008 008 008 008 008 00808 008 008 0.08 0.08

Abbreviations: GTR: General Time Reversible; HKYag¢gawa-Kishino-Yano; TN93: Tamura-Nei; T92: Tan#zarameter; K2: Kimura 2-parameter; JC: Jukest@an 278
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APPENDIX 4A

Multivariate analysis of life-history data submitted as part of a PRIMER+PERMANOVA

statistical training course (Included for the interested reader).

AIM: to interrogate life-history data in relation tovennmental and physicochemcial variables using

multivariate techniques
METHODS

For statistical analyses, hourly water temperatiata were converted to daily and then monthly
mean, minimum, maximum, range and standard dewiatidues. Similarly daily flow records were
converted to monthly mean, range and standard titmvigalues. Owing to the fact that a) no single
species ofAphanicercellaoccurred consistently at each of the study sitesl® in some cases low
numbers of one or two co-occurred, the three spatfidphanicercellacollected from the different
study sites were pooled for the purposes of thidysto provide more information at the genus level

for this taxa and its occurrence in each river.

Biological data collected in this study consistefdspecies stage compositional data i.e.relative
numbers of individuals of each species in preddterdchsize class bins each month for the six study
rivers. Size classes have been pre-defined to septehe approximate size range of each of the
specific instars present in each species (e.g.dixe classes for the Trichopter@nhambulanseach

size class represents a single larval instar).détailed information on how size classes/numbers of

instars were determined for each species see RalEs2012).

This stage compositional data essentially repredéntlife history data for each species acrossithe
rivers and consists of a matrix with river/samplimgnth representing the samples and the specific
size classes for each of the three taxa repregettim variables. The cells are populated with the
relative numbers of individuals (or relative abumcies) present in each of the size classes of the th

taxa collected each month from the study rivers.
Spreadsheet checks

Biological data were checked in PRIMER for the pree of samples containing all zero’s, as these
samples represented an artefact of sampling -ethdtrof sampling rivers shortly after a spateighh
flow event. Only one such sample (the sample frbm Eerste River in the month of June) was
detected and subsequently removed as it represantedtlier in the biological data. The biological
data were then transformed using a fourth roosfaamation technique, commonly applied to species
assemblage data, so as to down-weight the abunadndeminant species and minimise the bias

these dominant species cause in analyses of diyilaetween samples. In this case the
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transformation served to down-weight the abundarfigadividuals in specific dominant size classes
of the three taxa. Fourth root transformation wagliaable as abundances in size classes for a given
sampling month ranged from 0 or 1 to up to 400 .plusing the Bray-Curtis distance measure, a
resemblance matrix of the biological data was tvemed to show similarities of samples based on
species stage compositional data. This measurarigydarly appropriate for this type of data as it
ignores negative matches and similarities are thexenot based on the absence of particular size

classes in a species from a river in a given sample

For the environmental data, similar checks to trams®lucted for the biological data were performed
in Primer to detect all zero samples or missingi@al Relationships between pairs of variables were
visualised using draftsman’s plots and variablesniig high degrees of multi co linearity with other
variables £ > 0.8) were noted. Additionally those variableshaskewed distributions were identified
and adjusted accordingly using appropriate transgitions. The variable “turbidity” was the only
variable that required an individual log transfotima as a result of the presence of a few extremely
high values relative to other values resulting ightr skewness. After the transformation of this
particular variable, all environmental data werenmalised to minimise the effects of the different
scales used to measure individual variables. Ambimce matrix of the environmental data was
formed using the Euclidean distance measure. Axfditly a Principal Component Analysis (PCA)
was used to determine which environmental varialslesount for the greatest variation in the
environmental data when visualised with a seas@ml@y. This in turn was used to help inform the

selection of variables for analyses such as BESTHBV as well as DISTLM.
Main multi-dimensional scaling plots (MDS)

Variation and similarity in the stage compositiodata among the rivers and sampling times were
visually analysed using a combination of Multi-dim@nal Scaling plots, cluster analyses and
associated SIMPROF tests.

Cyclicity test

As samples were collected monthly over the period single year, it was assumed that entire life-
history cycles would be observed in univoltine, diine and multivoltine species. This inherently
introduces a degree of cyclicity in the data anglies that samples will be closely related
to/dependent on time. In order to investigate @msumption, a model matrix for cyclicity was
constructed based on seasons, where numeric V@85, 0.5, 0.75 were assigned to each season
respectively. Using the RELATE function (set at 998rmutations, and using the spearman rank
correlation method), the resultant resemblanceirnfitbm this model matrix was tested against the

resemblance matrix of the stage compositional data.
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ANOSIM

To determine whether the combined stage compoaitideta for all of the species differed as a result
of the effects from tha priori defined groups “time” (season effect) and “ rivgsite effect),a two
way crossed ANOSIM with replicates was employedcniRgations (set to 9999) were used to
determine significance levels of the r-statistieparted for main effects and pair-wise tests. Ia th
case ANOSIM tested the null hypothesis of ‘no tiefilect’ on stage compositional data allowing for
the fact that there may be differences betweerrgiamd similarly that there is ‘no river effect’

allowing for the fact that there may be time effect
2STAGE MDS

In addition to the tests for cyclicity using a mbdetrix, second stage MDS plots were construated t
visually compare differences in the stage compwsi data of the species through time and across
the study rivers. Second stage MDS plots are pdatily useful for analysing time series and data
captured using a repeated measures design (Clar®réey 2001). In this case the second stage
MDS plot split a single similarity matrix in whickample groups were defined using two factors (an
outer factor “river” and an inner factor “time”) drproceeded to analyse similarities between these
groupings. Second stage MDS plots were construgtiglg stage compositional data from each
species separately, as well as with data frompaties combined. This in turn allowed for a direct

visual comparison of life history data of each $peacross the rivers.
PERMANOVA

While ANOSIM can provide information regarding tledfects of “river” and “time” on stage
compositional data (using ranked similarities;ahnot however provide information on the effect of
an interaction of these two factors or partitiomiatility accordingly among factors (Andersenal.
2008), and thus PERMANOVA was used.

PERMANOVA was conducted using the combined spesti@ge compositional data, because results
for all species together would be similar to theults of a single species — especially since md¢hse

a single specied ( penicillatg was more dominant across all rivers in each efstampling months.

A two way crossed fixed effects design was emplpyeth “river” and “season” employed as factors
and having 6 and 4 levels respectively. River walecded as a factor to determine whether stage
compositional data of the selected genera werectaffeby differential thermal and hydrological
regimes in these rivers. Season was selectedastar fo determine whether stage compositional data
of the selected genera showed similar differenddsmeach of the seasons across the rivers. Vithile
may seem more logical to have made “river” a ran@diect in this design, it is important to notettha

the rivers in this study were not randomly seledtedepresent a sample of possible river systems
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(with associated thermal and hydrological reginiag)instead they were deliberately pre-selected to
represent a wide range of thermal and hydrologiegimes (where analysis of 20 years of historical
flow data was used as a proxy for selecting sited tvould exhibit an equally wide range of
temperature variability). A main effects PERMANOWas conducted (sum of squares type llI
partial, permutation method under a reduced modéh ®999 maximum permutations) and a
subsequent PERMANOVA was run to analyse PAIR-WI8&4 of the interaction term “river x

season”, for pairs of the factor “river.”
PERM DISP

To test the null hypothesis, in this case thateliemno difference in the multivariate dispersiomag

the groups of the stage compositional data, in geoftheir within group dispersions, the PERM
DISP test was utilised in conjunction with PERMANAWERM DISP in this case was employed to
help determine if the differences (if detected)ERRMANOVA between the stage compositional data
among rivers and different seasons could be asudt & differences in the mean stage compositional
data of these groups, or as a result of variabilitthe stage compositional data within these gsoup
or a mixture of both. PERM DISP was thus perforroadhe combined species stage compaositional

data using both the group factors “river” and “sedgespectively.
DistLM — comparison to BEST

In order to determine which environmental variabtesgroups of environmental variables best
accounted for the variation observed in the stagapositional data, a combination of DIST LM
(with associated dbRDA analysis) and BIOENV funetiavere used and compared. For DIST LM,
environmental variables were related to the stagepositional data (selection criterion?, Relection
procedure: all specified) using grouped variabdgs.indicator was used to group the environmental
variables into suites of similar ecologically meggiul variables (i.e. temperature related variables
flow related variables and physicochemical relatadables). This allowed for variables showing an
appreciable degree of co linearity (e.g. mean mgntamperature, mean minimum monthly
temperature and number of monthly temperature regihifts) to be grouped together as opposed to
being removed altogether from the analysis. This deemed an important step, as these variables
while showing a degree of co linearity, in fact @ayuite different effects on the ecology of aquatic
insects anghouldtherefore be included in analyses to provide &mthl information regarding the
larger effect of temperature in its entirety. Tapproach would be similar to conducting a PCA on al
of the environmental variables and then relating #tores of the first two axes to the stage
compositional data. However the PCA does not retdlithe information related to each individual

variable and therefore the above mentioned apprevastemployed.
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While the BEST/BIO ENV function included in PRIMEEsentially allows for a similar approach to
relating environmental data to biological data, al&b specifies combinations of variables that best
explain the variance in the biological data (usiagk order correlations of dissimilarities and inte
point distances from environmental variables), dnmot apportion variation to these variables
individually or collectively (Andersoet al. 2008). DIST LM on the other hand fits a linear mabdf
predictor variables (or groups of predictor vargg) in response to the biological data cloud agest
compositional data in this case, and also parstidhe variability that is explained by each
environmental variable (Andersogt al. 2008). Multiple permutations based on the resenuga
matrices and selection of variables then allowgaralues to be generated for each variable/pair of
variables to determine whether these variablesdh éxplain a statistically significant proportioh
variation among the stage compositional data (Aswrest al. 2008). This makes this approach more
useful in teasing out which environmental variabtese a greater influence on, and statistically

significant relationship with, the stage compositibdata.
RESULTS

Figure 1 shows the 2-dimensional MDS ordinationtlef samples of stage compositional data
collected monthly from six rivers, based d# transformed abundances and a Bray-Curtis sirtyilari
matrix. Superimposed on the MDS plot are symbolsotieg the seasons of the year to which the
monthly samples correspond, as well as the clugteri samples at the 40% similarity level based on
a cluster analysis (Fig. 3). Distinct clusters aimples are visible which bear a fairly strong
relationship to the month of sampling or, on a seascale, the four seasons of the year (2D Stress
0.15). Overlap between these clusters is evidemt,the samples reveal an overall circular form,
indicative of an underlying cyclic response. Adufi@lly, the cluster analysis reveals a similar
grouping of samples into seasons, however certasters of outliers associated with each season are
visible. Dispersion appears greatest in samplegatetl from spring and summer and in particular

samples collected from the Wit River.
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Fig. 1. A non metric multidimensional scaling plot of stage compositionahdor three aquatic insect gene
collected at monthly intervals from April20-April2010 from six rivers in the Western Cape. Syishindicate
groupings of samples intdir seasons (Cen triangles = autumn; Solid triangles inter; Open diamnds =
spring; Closed circles =usnmer). Dashed line represents 40% similarity lefelamples

The stage compositional data when matched to a Inoakeix based on seasonal cyclicity, using
RELATE test, showed a highly significant rank ctaten (p = 0.583,p = 0.001, T = 9999
simulations), indicating the presence of an undeglyseasonal effect acting on each of the stu

genera acrossall the rivers (FR).

284



Appendices

[ 2616

0 I‘|h|‘lll -
-0.1 0 0.1

Fig. 2. Simulated distbution of the test statistiR under the null hypothesisf “no cyclicity effect” for a

RELATE test matching a cyclicity matrix to stagemguositional dati Dashed line representsan obserR
value of 0.583.
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A cluster analysis of the\- transformecstage compositional data from all rivers, using Bray-
Curtis similarity measure and associated SIMPRGE(tég. 3), revealed a similar seasonal grou
of samples. Two significant major clusters (as wslthree samples from the Wit River) sepai out
at a similarity of approximately 23%. These twostéss generally ouped samples collected duri
summer and autumn toper and those collected during winter arpring together. Significar
subdivisions in these two major clusters tendedyoup the samples from each of the sea
individually —in most cases these samples were grouped witthdeéhigl of similarity (~60%). Som
degree of overlap between sam collected from subsequent seasons and a few ogthample:
(the majority of these being from the Wit Riverg atisible in the dendrogram.
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Fig. 3. Dendrogram using grougverage linking on Bre-Curtis sample similarities fronv-transformed stage
compositional data for three aquatic insect geweitected at monthly intervals from Ag 2009—April 2010

from six rivers in the Western Cape. Symbols ingiggroupings of samples infour seasons (Open triangle:

autumn; Solid triangles = winte©Open diamonds = spring; Closed circlesummer). Dashed horizontal lit

indicates 50% similarity slice

Two-way crossed ANOSIM tests revealed significant e (p = 0.01,T = 9999 simulations) of tha
priori defined grouping factors “River” and “Sson” on the stage compositional data (. 4a, b).
The globalR statistics calculated for the “River” and “Seasgnduping factors werR= 0.375 and R
= 0.763 respectively, suggesting a stronger effesealon across all rivers, as opposed to a sr
effect of river across all seasons. Neverthelesh boouping factors were found to be significi
Pairwise tests revealed highly significant diffexes between all pairs of seasons when tested ¢
the rivers p = 0.01 andR > 0.7), with the lowest global R statisicalculated between the seas
winter and spring R = 0.526,p = 0.01). In contrast, pair wise tests of rivers asraff season
revealed the greatest differences between the WarRind each of the other rive(p < 0.05 in all

cases) as well as between the Eerste River arteldhdspad RivelR = 0.569,p = 0.04).
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Fig. 4. Two-way crossed ANOSIM results indicating the simulatiétribution of the test statistR under the
null hypothesis of a) “no river effect” and b) “mseason effect” for combined stage compositionah.dgablid
lines represent observed valuesFgiR = 0.375 andR = 0.763 respectively).
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The difference in combined stage compositional through time compared across each of th
study rivers is shown in Fig(a correlation of sitep > 0.8 has beesuperimposed). Similarly Fi.
6a, b, c reveal differences in the stage compuositidata through time compared across river
relationto each genus individually (a: Lestagella, b: Chiimac: Aphanicercella). Figure 5 reveal
high correlation in stage compositional data thtotighe between a cluster containing the Ee
Wolwekloof and RookEls rivers, and an additional clusterorporating the Elandspad and Molene
rivers. The Wit River is shown to be most dissar to both of these clusteiWhile in general the
individual genera revealed similar patterns to twmbined stage compositional data, su
differences in the clteering of rivers was observed in each plot for egehus, suggesting a r-

uniform response of the species across the r
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Fig. 5. Second stage MDS plot of combined stage compoasitidata using “river” as outer factor and “tirr
(sampling monthas inner factor. Groupings are shown for {p > 0.8) correlation level.
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Fig. 6. Second stage MDS plots for stage compositional d#ting to each genus of aquatic insect studje
Lestagella penicillatab) Aphanicercellaspp. and c)Chimarra ambulansising “river” and “season” as inn
and outer factors respectively.

PERMANOVA revealed significant differences to oceunong stage compositional data each of
the study rivers based on season and river effp < 0.001; Table 1). Additionally, the interaction
river+season was significant. Furtla posteri,pairwise tests (data not shown) revealed that ¢
compositional data for the genera differed in Blers between the seasons autumn and spring
auturm and summer as well as between winter and sunmimtire Molenaars, Wolwekloof and R~
Els rivers, stage compositional data differed betwéhe seasons winter and spring, while
differences between these two seis were detected in the remaining rsveHowever in all the rivel
except the Rookls and Wit, stage compositionalta was shown to differ between spring
summer. In general, stage compositional data cateat the autumn and summer seasons dif

the most across rivers.
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Table 1. Results of a main test fixed effects two-way cedsBERMANOVA testing for differences in
stage compositional data of three genera of aquadiect across rivers and seasons. Samples were
collected monthly from six rivers in the Westernp€afrom April 2009-April 2010.Each term was
tested using 9999 permutations. Estimates of naritite variation are given for each factor.

Source df SS MS Pseudo-F P(perm) Unigue perms
River 5 18219 3643.7 4.0826 0.0001 9911
Season 3 85261 28420 31.843 0.0001 9935
River x Season 15 27064 1804.3 2.0216 0.0001 9844
Residual 53 47303 892.51

Total 76 1.783E5

A PERMDISP test (deviations from centroid) for themogeneity of variances between the stage
compositional data relating to the grouping factorer” revealed no significant result&d,7,,=0.753,
p = 0.71) using permutationg & 9999 simulations) to generate significance vall¢®vever an
additional PERMDISP test for the homogeneity ofiasaces between the stage compositional data
relating to the grouping factor “season” (Table@)ealed significant result§4,;5=5.837,p = 0.004),
with pairwise comparisons revealing which seastnmsved highest differences in variance, namely

autumn, when compared to spring and summer.

Table 2. PERMDISP test results for homogeneity of variarinesombined
stage compositional datafor three aquatic inseateige for pair-wise
comparisons of levels of the factor season. Testd 9999 permutations.

Groups t P(perm)
(autumn, winter) 1.307 0.267
(autumn, spring) 3.799 0.001
(autumn, summer) 4.872 0.0001
(winter, spring) 1.265 0.320
(winter, summer) 1.888 0.133
(spring, summer) 0.765 0.487

Results of the distance-based linear modellingatiar partitioning showed that each of the three
groups of environmental variables (T = Thermal alaleés, F = Flow variables, P = Physicochemical
variables), when assessed separately without atingufor variation explained by other variables
(marginal tests), were significantly relatqu< 0.05) to the stage compositional data and exethi
reasonable amounts of the total variation (34%, hth 29%) (Table 3). Sequential tests, using the
“all specified” selection procedure, and thi?“selection” criterion, showed that of the grouped
environmental variables, the thermal variables a@&@rpldd the most variation, followed by
physicochemical variables and then flow variablEsb(e 3). The cumulative proportion of variance
in the stage compositional data explained by a ooation of these groups of variables was

approximately 60% with the fixed linear model rdiran appreciabl& value of 0.6.
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Table 3. Table of results from distance-based liner modiing§ three groups of environmental variables tonbmed stage
compositional data for three genera of aquaticdneellected monthly from six rivers in the West&ape from April 2009-April
2010. Marginal and sequential test results usiegalhspecified selection procedure are shown. verall model fit of R? = 0.6

was obtained.

Marginal tests

Group SS (trace)  Pseudo-F P Prop. res.df regr.df
T(Thermal) 60480 7.289 0.001 0.3392 71

F(Flow) 19383 1.732 0.011 0.10871 71
P(Physicochem) 571121 5.7077 0.001 0.28671 71 6

Sequential tests

Group RN2 SS(trace)  Pseudo-F P Prop. Cumul. res.df regrid
+T(Thermal) 0.3392 60480 7.289 0.001 0.3392 0.3392 71 6
+F(Flow) 0.41219 13015 1.6392 0.041 7.2994E-2  0.41219 66 11
+P(Physicochem) 059602 32777 5.5515 0.001 0.18383 0.59602 61 16

When compared to the best results obtained fromiGERYV test, it is observed that similarly the
combination of variables best accounting for vésiatin the stage compositional data for two
variables are mean monthly minimum temperature raedn monthly maximum temperatuge £

0.385). An overall best rank correlation € 0.399) was calculated from a combination of five
variables (mean monthly minimum temperature, meanthty maximum temperature, mean channel

width, number of temperature regime shifts and nedactrical conductivity).

The distance-based redundancy analysis (Fig. @atet that monthly mean minimum and maximum
temperature variables were most strongly correlatéti the first dbRDA axis (multiple partial

correlations = -0.604 and -0.501 respectively),levmean turbidity and mean electrical conductivity
were most strongly correlated with the second dbRRi& (multiple partial correlations = 0.555 and
0.463 respectively). The first two axes of the dBRBumulatively accounted for 78.5% of the

variation in the fitted DISTLM model and 46.8% bkttotal variation in the stage compositional data.
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Fig. 7. Constrained ordination plot of the first two axesulting from a distance based redundancy ane

(dbRDA) of combined stage compositional data foe¢haquatic insect generollected monthly from six river

in the Western Cape to explanatory environmentdblbes. Only rank correlationp > 0.3) of environmental
variables are shown by vectors. Symbols indicateigings of samples into four seasons (Open tres =

autumn;Solid triangles = winter; Open diamonds = sprindps@d circles = ummer). Groupings of sampl

relate to a 40% similarity level.

DISCUSSION

Stage compositional data of the study taxa weradda show differences across the six study ri
when amlysed in conjunction with one another as well &grvthey were analysed individually. T
same species of aquatic insect has been showrhiloitedifferent life history responses in six rige
each with similar physical characteristics and fedaove a relatively small geographical ran

(=100km), but incurring substantially different tivel and hydrological regime

These differences doside with the similarities of sites based purahyenvironmental variables (s
Chapter 2 of this thesis). Thsuggests that the aquatic insect taxa studiesd dydnibit site specifi
life-history responses across the rivers examined. #gested, seasonality was found to be a n
underlying factor driving the structure of the condal stage compositional d/life history-responses

of the study taxa across the rivers. Additionat teffect of river was shown to be significe
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suggesting that the sites selected for this studhjbe a range in thermal and hydrological regime

sufficient to induce life history responses in bieta inhabiting these rivers.

The seasons summer and autumn when compared aheoss/ers were shown to be the most
variable in relation to the stage compositionabd&br summer, this could be explained as a re$ult
the high degree of variability in temperature relear over the summer months for each river — this
having a noticeable effect on the date of emergeheglults and also hatching of eggs for the mayfly
L. penicillata The Wit River for instance, which experiencedhgig mean temperatures over late
spring and summer (up to 5°C warmer) compared ¢oRboi-Els Kloof River, exhibited an earlier
peak emergence date of adults (up to 1 month Bapliehis mayfly and also earlier hatching of eggs
(also 1 month earlier). This would obviously hawsed a great degree of variability on the stage
compositional data collected from these rivers ahese months, as both larger and smaller size
classes of individuals would have been recordedifdrent times. In autumn a major contributing
factor would have been the differential adult ereeg dates of the stonefly species from the genus
Aphanicercellarecorded across the rivers, which also would Haza@ a similar effect on both the
relative abundance (fewer individuals in emergemeenths, as adults leave the stream) and
distribution of size class data (very large indiats dominate until emergence, after which slower
growing smaller size classes become dominant) decoin these months. The relative abundances of
the C. ambulansvould also have greatly influenced the stage caitiponal data for the months of
autumn and summer. In autumn, as the temperatuggs &d high flows dominate, this genus
radically drops off in numbers; the timing of trsadden drop off in numbers is dependent on a
combination of average temperatures and the figdt lows, which differs across rivers. Over the
summer months, rivers which experience a greatgredeof warming and experience this warming
earlier in the season (e.g. Wit and Wolwekloof iyehave a sudden boom in numbers of this genus
occurring. This is in contrast to colder rivers @R&ls Kloof and Eerste rivers) in which this boam
numbers occurs later in the season. These comkiifiects from each genus are very likely to have
resulted in the seasons of summer and autumn &rkjla greater degree of variability in the stage

compositional data, compared to more stable months

It is likely that the second stage MDS plots foclemdividual taxa reveal genera specific prefeesnc
for certain environmental variables unique to dertavers (or groups of rivers ), as such the uriqu

clusters of rivers in these plots should be exathfogher and related to the environmental data.

Additionally it should be noted that the amountattl variation in the stage compositional data lef
unexplained (~50%) using the model fitted with DIKST LM function is as a result of additional
environmental variables that were not measured omsidered in this specific study (e.g. algal

biomass, photoperiod etc).
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Of the environmental variables measured in thighsttemperature was found to have the greatest
effect on life history/stage compositional data ossr the six study rivers, followed by
physicochemical properties and then flow. It iseiasting to note that just several measures of
temperature, flow and physicochemical propertiesnal accounted for over half the variation
observed in the life-history/stage compositionaladfr three separate genera. This indeed reveals
that these species are influenced by a combinaifoanvironmental factors (not only flow and
temperature) that need to be identified, measuoldated at each location and tested using the
multivariate techniques used here. Quite surprigiag the fact that flow variables accounted for the
least variation in the DISTLM model, suggestingt tihav might indeed have less of an impact on life
history responses of genera occurring in peremnats, in comparison to temperature and water
chemistry properties. It is possible that tempesatthaving more of a direct effect on the physiglo
(growth rates, metabolic rates etc, indirectly tlyio promoting algal production and food growth) of
aquatic insects - outweighs the effect of flow whimight have more of an indirect effect on
physiology and more of a direct control on moryaiis well as relative abundances. For this reason a
similar study could be undertaken to investigatelifie-history responses of the same species in bot

temporary and perennial rivers.
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APPENDIX 4B

Transformation of data for GLM's

Investigation of the field data showed slightlyfelifent behaviour of the insects in the six stughgns.

In particular, simple regressions foestagellaand Aphanicercellaindicated that the average growth
rates differed amongst the rivers (see Figs. 433imMChapter 4). The rivers were chosen to reptese
a range of thermal and hydrological conditions, trednatural question that follows is if (and toath

extent) the differing growth rates can be attridutetemperature, flow or physicochemical variables

A general linear model (GLM) is one tool for ungdahg such an investigation, and to estimate what
effect temperature, flow, etc have on growth. A GlMs therefore set up, using categorical ata
(input variables temperature, flow etc were binimed appropriat® bins). A problem quickly arose —
because of the cyclic nature of temperature, thegee no data to estimate the effect of high
temperatures in the winter months and correspohdigre were no data to estimate the effect of
low temperatures in the summer months. Consequentlije “month” category, there was no one
month which spanned all the temperature bins thatdcbe used as a reference level to which to
compare the other months. But because of the tiemel$ in the data (as evidenced by the individuals
insects growth with time), the “month” category hdbe included in the GLM. A method was

therefore devised to de-trend the data (i.e. renttowrdime-effect), and involved the following steps

1. Fit a growth curve to river-aggregated data

2. Use the estimated growth curve to transform the dat that no obvious trends with time
remain
Check that the transformed data are normally bisteid
Use the transformed data in the GLM

Given the monthly variation in insect sizes, firglia suitable growth curve was not entirely
straightforward. Six growth curves were explorade#dr, quadratic, exponential, von Bertalanffy,
logistic and Gompertz. In each case, the relevemwtlp curve was fit to the data, and the resulting
estimated parameters were used to first lineanselata, and finally transform the data, as exptain
in Table App4B.1 and Table App4B.2 below.

Note that in the following discussiong; ‘and ‘L’ relate to the three study species in the follayin

manner:

*"The use of continuous data makes the assumptiothidaesponse variable has a linear relationsiitip tive
predictor variablesSince this has not been established in this stitidyas considered better to use categorical
data.

“8 Bins were chosen so that the spread of the datgsgn the bins was as equal as possible.
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Table App4B.1. Definitions of the measure of tim&)(and size I{) used for each of the three taxa in the

descriptions that follow

Species T L

Lestagella Days since hatch Inter-ocular distance (I0D)
Aphanicercella Days since hatch Head capsule width (HCW)
Chimarra Instar number Head capsule length (HCL)

The equations below describe how the data cambarised.

Table App4B.2.Equations and transformed variables for each o$ithéransformations applied.

Growth Model Model Linearised form Transformed variable

Linear L=mT +c L=mT +c L’:(L—C)/T:m

Quadratic L =(mT+c)? JL=mT+c L'=(WL=-¢)/T=m

Exponential L =ad’ InL=Ina+bT L'=(InL-Ina)/T=b

von Bertalanffy | = |_w(1—e‘K<T“o)) In@-L/L,)=-KT+4t, L' =(In(l-L/L,)-kt,)/T =-k
Logistic L=a/@l+e®) In@/L-)=-bT+bc L'=(In@/L-)-bg/T=-b
Gompertz L =ad® In~InL/a))=Inb-cT L' =(InEIn(L/a))-Inb)/T=—

So for example, if growth can be adequately modelNéh a quadratic function, then a plot (/ﬂ__
againstT should yield a straight line, and a plot lof= (\/f —¢) /T againstT should yield a random
scatter of points around the line’' = m. Similarly, if growth can be modelled with the von
Bertalanffy model, then a plot bf(l—L/L_) againstT should yield a straight line, and a plot of
L'=(Ind-L/L,) - ~t,)/T should yield a random scatter of points arounditfeeL’ = « .

Of primary importance is the fact that the transfed datal' in each case is a measure of the
gradient of the growth model (euxy.for the linear modelg for the von Bertalanffy model), and thus

gives a measure of growth rates of the individuBiierefore wherl'is used as the response variable
in the GLM, one is able to explore the effects mfimonmental variables on growth directly, whereas
the original data (untransformed measures of IOOWH HCL) give absolute sizes and not estimates

of growth, as they don't incorporate a change ize siver time.
Days since hatch

Note that ‘days since hatchT) for Lestagellaand Aphanicercellawere derived from the estimated
hatch date given for each river (see Figs 4.7 aBdmMChapter 4). In any given month and for any

given river, an average age was calculated fointiwiduals collected by calculating the number of
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days that had passed between the estimated hateHodahat river and the sampling date for that

month.
Instar number

Since the field data collected f@himarra showed several cohorts present simultaneousiyen t
rivers each month, it was not straight forward ttack the cohorts though consecutive months.
Consequently backward regression could not be tesedtimate a hatch date. However, a frequency
histogram of the head capsule lengths (of all tiidviduals measured from all rivers) revealed five
clear instar groups (Fig. App4B.1 below), and ttoslld be used to obtain size limits for each of the
five instars. Given this information, each indivadiicould be assigned an instar number based on its

head capsule length, and the instar number wasasstiak time variabld] in the growth model.
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Fig. App4B.1. Frequency histogram of the head capsule lengthshefChimarra ambulansindividuals
collected from all rivers, clearly showing groupiimgo five larval instars. The vertical dashed $inadicate the
chosen size limits for the five instars.

Figures App4B.2 to App4B.4 illustrate the transfatimn process and final transformed data for each
of the six growth models. A final growth model wassen for each of the three species based on the
fit of the model (? value) as well as a qualitative assessment ofidhmality of the transformed data.
The simplest model that performed well on both aot® was chosen for each of three species, as
follows: the linear growth model fotestagella(r® = 0.75), the exponential growth model for
Aphanicercellar? = 0.69), and quadratic growth model @nimarra(r? = 0.98).
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Although ther? values are not extraordinarily good, this is netirely unexpected given the large
data set and the natural variation in sizes fowawah enonth in the collected data. Since the ainmisf t
exercise was not primarily to fit a growth curvayt brather to de-trend the data, and since the
transformed data no longer showed clear trends tivite and were reasonably normally distributed,

the results were considered satisfactory.

Three potential sources of error are introducedhi@ transformation process described in this

appendix:

(1) The time factor in the growth model is in all cad®sed on an estimated age for the
individuals. In the case dfestagellaand Aphanicercella the underlying assumption is that
all the individuals collected each month are ofghme age, namely the number of days since
the estimated hatch date, i.e. an average agehé&trriver. Under this assumption, the
variation in size observed in each river then bexom natural variation in growth, when it
could in fact be a result of slightly differing agef the individuals. But since the individual
aging of all the samples is not possible, the ageege seems the next best measure. For the
Chimarra species, fitting growth models using instar numygefded very good results with
high r? values. Given the clarity of the instar divisidlustrated in Fig. App4B.1, it seems
that the assigning of instar number is fairly relia

(2) While the de-trending of the data appears to beoreble, it is obviously not perfect, and
some degree of error may be introduced if notfathe time-dependence is removed.

(3) Estimated hatch date was calculated using the dagemeration visible in cohort analyses for
both Aphanicercellaand Lestagella(Figs. 4.3, 4.5 in Chapter 4) as individuals ie first
generation showed much greater variance in sizémaegression analyses less reliable. In
so doing the hatch date obtained for the secondrgdon was the same hatch date applied to
the first generation - this assumes that the hagcbccurs at roughly the same time each year

in both of these species.

The above points should be kept in consideratioanvhterpreting the GLM results, although general

trends should still be reliable.
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Fig. App4B.2. lllustration of the transformation of theestagella penicillatdOD to obtain a measurement of growth. The six kwia correspond to the six growth models
that were applied. The first row shows the origidata with the fit to the growth models indicateifhwsolid lines. The second row shows the 10D dstar they were
linearised using the growth model parameters (sa®#eTApp4B.2). Note that the better the lineaiirfithe second row, the better the overall fit te tirowth model in
question. The third row shows the final transforrdath. A good transformation is one where thermisbvious trend in the transformed data with tiffieally, the fourth
row shows the frequency histograms of the transéoraata to check for normality. The linear mode$ whosen as the final growth model to transfornutite.
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Fig. App4B.3.lllustration of the transformation éfphanicercella barnardiAphanicercella, flabellatandAphanicercella scutattlCW to obtain a measurement of growth.
The six columns correspond to the six growth motteds were applied. The first row shows the origtata with the fit to the growth models indicategith solid lines. The
second row shows the HCW data after they werelliseg using the growth model parameters (see T B.2). Note that the better the linear fit ire thecond row, the
better the overall fit to the growth model in qimst The third row shows the final transformed d#&agood transformation is one where there is naialks trend in the
transformed data with time. Finally, the fourth relaows the frequency histograms of the transfordatd to check for normality. Since the data apgetrde log-normally
distributed, the final step of the transformatioaswo log the data. The distributions of the finahsformed data are indicated by the solid lifié& exponential model was
chosen as the final growth model to transform tad
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Fig. App4B.4. lllustration of the transformation of th@himarraambulansHCL to obtain a measurement of growth. The sixuowis correspond to the six growth models
that were applied. The first row shows the origidata with the fit to the growth models indicateithwsolid lines. The second row shows the HCL dstar they were
linearised using the growth model parameters (sa#eTApp4B.2). Note that the better the lineaiirfithe second row, the better the overall fit te tirowth model in
question. The third row shows the final transforrdath. A good transformation is one where thermisbvious trend in the transformed data with tiffieally, the fourth

row shows the frequency histograms of the transéoraata to check for normality. The quadratic maass chosen as the final growth model to transfibredata.
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APPENDIX 4C

Validation of GLM assumptions

Typical graphical outputs of the "plot" commandRnR Core Team 2012) are shown for the optimal
Generalised Linear Models used for each taxon. dipésts are used to assess model validation and

adherence to statistical assumptions by examimedallowing:

1) residuals (standardised) against predictedtedfivalues (upper left plot of Figs. App4C.1, Ap3

and App4C.5) and a scale- location plot where tipgase root of the absolute standard deviance
residuals (lower left plot of Figs. App4C.1, App8CGand App4C.5) is plotted against fitted values.
Both plots are used to check for homogeneity. Iclear pattern/structure or trend can be obsenved i
the data (i.e. scatter markedly increasing as ittedfvalues get higher) then homogeneity can be

assumed.

2) a histogram or normal Quantile-Quantile plot@lot) of the residuals (standardised or standard
deviance) to verify normality (upper right plot &igs. App4C.1, App4C.3 and App4C.5). If the
majority of the points are in a straight line theormality can be assumed - though some degree of
deviation can be acceptable at the ends of thedméhese deviations in most cases are caused by

several outliers.

3) potential and influential observations by pluogtieverage against residuals (lower right ploFigfs.
App4C.1, App4C.3 and App4C.5). Leverage indicatestiver an observation has an extreme value of
the explanatory variable. Where a point has a larfigence (high effect on the parameter estimafes
the model) it can be decided to remove that pdiné Cook distance statistic aids this process bygbe
superimposed as contour lines. A Cook distanceetatttan 1 is considered the threshold upon which

action should be taken.

4) potential autocorrelation in the residuals @ssessing the similarity between observations as a
function of the time lag between them - in thisecazonths) obtained from each river (Figs App4C.2,
App4C.2 and App4C.6). If any of the lines representags 1-10 clearly surpass the 0.05 significance
threshold and show a high ACF value, then simylastpresent between the observations from these
time intervals and an autocorrelation function vdonéed to be incorporated into the GLM to account

for this.
Lestagella penicillata GLM

For L. penicillata a minor increase in the spread was observed inrdbigluals vs. fitted plot as
predicted values increased but this increase maspwas not clearly pronounced and appeared te be a
a result of only a few outliers. As no clear trepditern or structure was evident in the residuals

fitted or scale-location plots, homogeniety wasuassd. The normal Q-Q plot revealed that residuals
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were normally distributed, while the residuals leserage plot showed that Cook distance values were

very low, with no observations approaching theghodd for concern. Assumptions for the GLM were

therefore considered to be met. Similarly ACF pletgealed no sign of autocorrelation of observation

among the lag periods.
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Fig App4C.1.Plots used to validate assumptions of the GLM_festagella penicillata.
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Fig App4C.2. Plots used to assess effects of autocorrelatiorsiduals of dathestagella penicillataA mean
residual value was calculated for each month. Editaizontal line indicates autocorrelation abowsgaificance
threshold of 0.05. The horizontal axis shows "Lpgtiod in number of months.
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Aphanicercellsspp.GLM

For Aphanicercellaspp.no clear patterns were observed in the residualarsin the residuals vs fitted
plot and the scale-location plot and homogeneityasfance was therefore assumed. While the normal
Q-Q plot showed some deviation of standard deviaeseluals from the theoretical quantiles at lower
values, the majority of the values showed normaldgviation was considered acceptable and was
partially expected as far fewer small individuatenpared to medium and larger sized individuals were
collected that could therefor inform this model.eTlow Cook distance values in the residuals vs.
leverage plots again revealed no pattern or obBengnear the the threshold for concern. GLM
assumptions were therefore considered to be meiilabito L. penicillatathe ACF plots showed no

signs of autocorrelation.

° Residuals vs Fitted Normal Q-Q
- 7] N T
Ln
S ] N
o
o _| 7}
" o ) o -
R 3
5 9- 5 oA
) >
o (0]
®odA B g
el
To) n 9100
< 7 ° ©
45
o 0498
o @ | %R
' T T T T T T T T T T T T
-5.6 -5.4 -5.2 -5.0 -4.8 -3 -2 -1 0 1 2 3
Predicted values Theoretical Quantiles
Scale-Location Residuals vs Leverage
0498 450 <
Ln
_ o N
ko] .
=R b=
g N7 g o -
(3]
[S] [Te) =
S < 7 3 o
s a
3 o | v 4
5 - 5=
2 0 0o 4
o
w4 _ __o o 50
o _| ' ®8ok's distance
° T T T T T T T T T
-5.6 -5.4 -5.2 -5.0 -4.8 0.00 0.05 0.10 0.15
Predicted values Lewverage

Fig App4C.3. Plots used to validate assumptions of the GLMAjphanicercella spp
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Fig App4C.4. Plots used to assess effects of autocorrelatioasiduals of data fohphanicercella sppA mean
residual value was calculated for each month. @ditarizontal line indicates autocorrelation abowggaificance
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Chimarra ambulans GLM

For C. ambulanglots of residuals vs fitted values in conjucntimith scale location plots exhibited no
clear patterns or structure and therefore homogenéiariances was assumed. The normal Q-Q plots
showed more deviation than was observed for Lelitaged Aphanicercella and revealed a symmetric
distribution of residuals but with heavier tailauthwould be expected from a normal distribution.ilé/h
the majority of values were normal, the deviatiorthie residuals suggests that the model struggled t
accurately predict values at both ends of the plessange of values. This was not entirely unexgekct
as individual cohorts could not be trackedCinambulansand as such an estimate of growth was more
difficult to obtain for this taxon from field da&lone (laboratory experiments would have be neéaled
confirm growth rates but such experiments wereabuhe scope of this thesis ). The growth estimate
produced by the model was therefore essentiallasore of how much growth was put on from one
instar to the next, rather than how fast individuaithin a single cohort were growing. Low Cook
distance values were observed in the residualewsrage plots and no observations were near the th
threshold for concern. Apart from potentially pratlatic normality the assumptions of the GLM were
considered to be met. It is acknowledged that tbdahfor C. ambulanshas shortcomings, but given
the time constraints it was the best model fittfar data available. Apart from only weakly sigrafirt
autocorrelation (not considered to be of major eomcof residuals at time lag 1 in the Rooi-Els ¢flo

river, no autocorrelation was otherwise observeithénresiduals for the data used in the model.
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Residuals vs Fitted Normal Q-Q
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Fig App4C.5. Plots used to validate assumptions of the GLMJoimarra ambulans
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Fig App4C.6. Plots used to assess effects of autocorrelatioasituals of data faChimarra ambulansA mean
residual value was calculated for each month. Editaizontal line indicates autocorrelation abowsgaificance
threshold of 0.05. The horizontal axis shows "Lpgtiod in number of months.
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APPENDIX 4D

Sexual dimorphismin Lestagella penicillata

Differential growth of the eyes in nymphslofpenicillatawas first observed from the month of August
2009 and was evident until nymphs emerged in Octhloeember 2009. Nymphs were observed to
start forming crescent shaped eyes, which evegtumtcame turbinate. Male mayflies commonly
develop turbinate eyes, which in turn allows forcadlent vision and an advantage for sexual

reproduction.

This sexually dimorphic growth in the eyes of mafelfemaleL. penicillatanymphs, proved to be a
problem when recording measurements of interoadistance. This was because the exact position
from where the measurement was taken became subjedihe position where standardised
measurements of interocular distance were reconddgmales and small nymphs (not exhibiting

sexually dimorphic growth) is indicated by (Positia Fig. App4D.1).

Had measurements of males been taken between ke éuges of the middle of the eyes, these
measurements would most definitely have been bifiBedition B Fig. App4D.1). Measurements of
males were therefore recorded between eyes atottenb of the crescent (Position C Fig. App4D.1).
However measurements, even when they were taken fhis position, were not comparable to
measurements taken in previous months or to theserded for females, using the standard
measurement technique. For this reason measurenmeeotsled from males were dealt with separately
in the simple regression analysis, as they intredusxtra variance and a potential bias. Note howeve
that the total number of identified males was rdudl®% of the entire dataset, thus making it urtlike
that a small bias in the IOD measurement will hav&ibstantial impact on the analyses. As such the
full dataset was used in the GLM analysis.

Fig. App4D.1 Head capsules of male and female nymphd edtagella penicillatashowing the sexually
dimorphic growth of the eyes. The horizontal lirecdted at position A in the female shows the stahda

interocular distance measurement. Position B shihvsbiased measurements in the males, while postio
indicates where actual measurements were recondedles.
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APPENDIX 4E

Complete GLM estimate outputs

Lestagella penicillata

Call:

gim(formula = TranslOD ~ relevel(as.factor(River), as.character(ref_level[1])) +  relevel(as.factor(pemean),
as.character(ref_level[2])) + relevel(as.factor(Ppestd.monthly), as.character(ref_level[3])) + velgas.factor(Flow.mean),
as.character(ref_level[4])) + relevel(as.factor(D@y.character(ref_level[5])) + relevel(as.fact@E as.character(ref_level[6])) +

relevel(as.factor(pH), as.character(ref_level[#]))

relevel(as.factor(Turbidity), as.character(ref I8%) + relevel(as.factor(Channel.width), as.chdea(ref level[9])), family =
gaussian(link = "identity"), data = GLM1)

Deviance Residuals:
Min 1Q Median 3Q Max

-1.603e-03 -2.443e-04 1.242e-05 2.580e-0800k-03

Coefficients: Estimate Std. Error t value Pr (>]t)) Signif.
(Intercept) 1.73E-03 4.12E-05 41.918 <2E-16 *EE
relevel(as.factor(River),as.character(ref_leve)fi]) -3.04E-04 4.62E-05 -6.577 4,94E-11  ***
relevel(as.factor(River),as.character(ref_leve)i]) -2.01E-04 5.86E-05 -3.428 0.000609  ***
relevel(as.factor(River),as.character(ref_leve)R]) -1.06E-04 6.15E-05 -1.722 0.08507
relevel(as.factor(River),as.character(ref_leve)a]) -1.77E-04 5.25E-05 -3.38E+00 0.00074  ***
relevel(as.factor(River),as.character(ref_leve)d]) -1.61E-04 3.89E-05 -4.14E+00 3.54E-05  ***
relevel(as.factor(Temp.mean),as.character(ref_[Z§l -2.82E-04 3.33E-05 -8.48E+00 <2E-16 *xx
relevel(as.factor(Temp.mean),as.character(ref )2 -2.39E-04 4.13E-05 -5.78E+00 7.45E-09 ***
relevel(as.factor(Temp.mean),as.character(ref_[ZN¥3 -1.03E-05 4.11E-05 -2.50E-01 0.80271
relevel(as.factor(Temp.mean),as.character(ref_[2§t 2.55E-05 2.44E-05 1.05E+00 0.295232
relevel(as.factor(Temp.mean),as.character(ref [N 3.02E-05 3.23E-05 9.35E-01 0.349702
relevel(as.factor(Temp.mean),as.character(ref )6 5.02E-05 1.97E-05 2.55E+00 0.010826 *
relevel(as.factor(Temp.mean),as.character(ref_[Z)¥8 -6.26E-05 2.13E-05 -2.94E+00 0.003248 **
relevel(as.factor(Temp.mean),as.character(ref_[2)}9 -2.56E-04 2.58E-05 -9.91E+00 <2E-16 *kk
relevel(as.factor(Temp.std.monthly),as.characteigeel[3]))2 -6.48E-06 1.80E-05 -3.60E-01 0.718534
relevel(as.factor(Temp.std.monthly),as.charactergeel[3]))3 1.38E-04 1.73E-05 7.97E+00 1.65E-15  ***
relevel(as.factor(Temp.std.monthly),as.character@geel[3]))4 1.84E-04 2.70E-05 6.84E+00 8.43E-12 ***
relevel(as.factor(Temp.std.monthly),as.charactergeel[3]))5 1.54E-05 2.45E-05 6.29E-01 0.529384
relevel(as.factor(Flow.mean),as.character(ref_[d}pP -3.31E-05 2.51E-05 -1.31E+00 0.188715
relevel(as.factor(Flow.mean),as.character(ref_[4}p8 -3.18E-05 2.73E-05 -1.17E+00 0.243361
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relevel(as.factor(Flow.mean),as.character(ref_[é}p4
relevel(as.factor(Flow.mean),as.character(ref_[é}pb
relevel(as.factor(Flow.mean),as.character(ref_[4}6

relevel(as.factor(Flow.mean),as.character(ref_[é}p¥

relevel(as.factor(DO),as.character(ref_level[5]))2
relevel(as.factor(DO),as.character(ref_level[5]))3
relevel(as.factor(DO),as.character(ref_level[5]))4
relevel(as.factor(DO),as.character(ref_level[5]))5
relevel(as.factor(EC),as.character(ref_level[6]))1
relevel(as.factor(EC),as.character(ref_level[6]))2
relevel(as.factor(EC),as.character(ref_level[6]))3
relevel(as.factor(EC),as.character(ref_level[6]))4
relevel(as.factor(pH),as.character(ref_level[7]))1
relevel(as.factor(pH),as.character(ref_level[7]))2
relevel(as.factor(pH),as.character(ref_level[7]))3
relevel(as.factor(pH),as.character(ref_level[7]))5
relevel(as.factor(Turbidity),as.character(ref_|¢&h)1
relevel(as.factor(Turbidity),as.character(ref_|¢&B)2
relevel(as.factor(Turbidity),as.character(ref_|¢8h)3
relevel(as.factor(Turbidity),as.character(ref_I¢&B)5

relevel(as.factor(Channel.width),as.character(esfel{9]))1
relevel(as.factor(Channel.width),as.character(esfel[9]))3
relevel(as.factor(Channel.width),as.character(esfel[9]))4

relevel(as.factor(Channel.width),as.character(exfel[9]))5

1.55E-05
-6.71E-05
2.19E-04
9.61E-05
-1.48E-04
-8.41E-05
-8.54E-05
-7.78E-05
2.58E-04
4.04E-05
6.41E-06
6.95E-05
1.06E-04
2.34E-04
2.28E-05
-4.58E-05
-1.89E-04
1.30E-05
8.75E-05
-2.16E-05
-9.82E-05
-1.72E-04
1.29E-04
1.01E-04

3.07E-05
3.75E-05
5.13E-05
5.77E-05
2.19E-05
2.27E-05
2.12E-05
1.94E-05
2.49E-05
2.38E-05
2.71E-05
2.91E-05
2.66E-05
2.79E-05
2.03E-05
2.73E-05
2.00E-05
2.08E-05
1.98E-05
2.05E-05
2.35E-05
2.98E-05
3.85E-05
4.50E-05

5.04E-01
-1.79E+00
4.27E+00
1.66E+00
-6.75E+00
-3.71E+00
-4.03E+00
-4.01E+00
1.03E+01
1.70E+00
2.37E-01
2.38E+00
4.00E+00
8.37E+00
1.12E+00
-1.67E+00
-9.45E+00
6.23E-01
4.43E+00
-1.06E+00
-4.18E+00
-5.77E+00
3.36E+00
2.24E+00

0.614122
0.073552
2.01E-05
0.096221
1.55E-11
0.000207
5.50E-05
6.04E-05
<2E-16
0.089856
0.812999
0.017154
6.48E-05
<2E-16
0.260928
0.0942
<2E-16
0.533302
9.48E-06
0.291522
2.90E-05
8.27E-09
0.000778
0.025439

*

Appendices

Signif. codes: 0 *** 0.001 ** 0.01*" 0.05'"0.1‘"1

(Dispersion parameter for gaussian family takebetd..327508e-07)

Null deviance: 0.0029764 on 16287 degrees ofifrae

Residual deviance: 0.0021564 on 16244 degrefteedfom

AIC: -211648

Number of Fisher Scoring iterations: 2
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Aphanicercellaspp

Call:

glm(formula = TransHCW ~ relevel(as.factor(Rivég;) + relevel(as.factor(Temp.mean), "9") + reldaslfactor(Temp.std.monthly),
"4") + relevel(as.factor(Flow.mean), "1") + relefad.factor(DO), "1") + relevel(as.factor(EC), "4¥) relevel(as.factor(pH), "3") +
relevel(as.factor(Turbidity), "2") + relevel(as.faqChannel.width), "2"), family = gaussian(link'elentity"), data = GLM2)

Deviance Residuals:
Min 1Q Median 3Q Max

-1.8179 -0.1325 0.0039 0.1389 0.7081

Coefficients: Estimate Std. Error t value Pr(>|t|) Signif.
(Intercept) -5.475529 0.055685 -98.33 <2E-16 *Ek
relevel(as.factor(River),"5")1 0.364635 0.09264 3.936 8.62E-05  ***
relevel(as.factor(River),"5")2 0.312462 0.055318 5.649 1.90E-08 ***
relevel(as.factor(River),"5")3 0.220943 0.061734 3.579 0.000355  ***
relevel(as.factor(River),"5")4 0.350318 0.065883 5.317 1.20E-07 ***
relevel(as.factor(River),"5")6 0.148419 0.089345 1.661 0.096864
relevel(as.factor(Temp.mean),"9")1 0.227641 0.10616 2.144 0.032167 *
relevel(as.factor(Temp.mean),"9")2 0.130051 0.1@791 1.205 0.228315
relevel(as.factor(Temp.mean),"9")3 0.28146 0.082111 3.428 0.000623 *xx
relevel(as.factor(Temp.mean),"9")4 0.188145 0.08927 2.107 0.035229 *
relevel(as.factor(Temp.mean),"9")5 0.071528 0.08239 0.774 0.438965
relevel(as.factor(Temp.mean),"9")6 0.140133 0.05718 1.816 0.069619
relevel(as.factor(Temp.mean),"9")7 0.139727 0.08815 2.05 0.040499 *
relevel(as.factor(Temp.mean),"9")8 -0.018774 0.@770 -0.244 0.807644
relevel(as.factor(Temp.std.monthly),"4")1 -0.06128 0.04874 -1.257 0.208826
relevel(as.factor(Temp.std.monthly),"4")2 -0.093484 0.055873 -1.673 0.094483
relevel(as.factor(Temp.std.monthly),"4")3 -0.083099 0.056667 -1.466 0.142718
relevel(as.factor(Temp.std.monthly),"4")5 -0.074404 0.059365 -1.253 0.210257
relevel(as.factor(Flow.mean),"1")2 -0.025869 0.0829 -0.417 0.676373
relevel(as.factor(Flow.mean),"1")3 -0.037324 0.0568 -0.567 0.570654
relevel(as.factor(Flow.mean),"1")4 -0.189553 0.0638 -3.519 0.000445 *xx
relevel(as.factor(Flow.mean),"1")5 0.020984 0.07438 0.282 0.77789
relevel(as.factor(Flow.mean),"1")6 -0.051408 0.0694 -0.74 0.459425
relevel(as.factor(Flow.mean),"1")7 0.046402 0.1@50 0.436 0.663129
relevel(as.factor(Flow.mean),"1")8 0.111707 0.1®93 0.931 0.351788
relevel(as.factor(DO),"1")2 0.012682 0.067545 0.188 0.85109
relevel(as.factor(DO),"1")3 0.05569 0.055638 1.001 0.316999
relevel(as.factor(DO),"1")4 -0.00892 0.058906 -0.151 0.879662
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relevel(as.factor(DO),"1")5
relevel(as.factor(EC),"4")1
relevel(as.factor(EC),"4")2
relevel(as.factor(EC),"4")3
relevel(as.factor(EC),"4")5
relevel(as.factor(pH),"3")1
relevel(as.factor(pH),"3")2
relevel(as.factor(pH),"3")4
relevel(as.factor(pH),"3")5
relevel(as.factor(Turbidity),"2")1
relevel(as.factor(Turbidity),"2")3
relevel(as.factor(Turbidity),"2")4
relevel(as.factor(Turbidity),"2")5
relevel(as.factor(Channel.width),"2")1
relevel(as.factor(Channel.width),"2")3

relevel(as.factor(Channel.width),"2")4

-0.108828
0.006612
-0.167508
0.008852
-0.030207
0.020416
0.001343
-0.055565
-0.105745
-0.005275
-0.009317
-0.107504
-0.076227
0.071557
0.061152
0.196399

0.057791
0.06872
0.083788
0.068827
0.046862
0.047997
0.056116
0.043149
0.06882
0.0573
0.0634
0.0534
0.08%0
39857
75
aWDV82

-1.883
0.096
-1.999
0.129
-0.645
0.425
0.024
-1.288
-1.537
-0.101
-0.23
-2.013
-1.731
1.818
0.862
2.163

0.059855
0.923362
0.045751
0.897678
0.519283
0.670625
0.980912
0.198012
0.124592
0.919785
0.817916
0.044259
0.083631
0.069218
0.38903
0.030651

Appendices

Signif. codes: 0 *** 0.001 ** 0.01*"' 0.05'"0.1‘"1

(Dispersion parameter for gaussian family takebe®.05483391)

Null deviance: 163.922 on 1706 degrees of freedom
Residual deviance: 91.134 on 1662 degrees effna
AIC: -65.531

Number of Fisher Scoring iterations: 2
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Chimarra ambulans

Call:

glm(formula = TransHCL ~ relevel(as.factor(Rivel2,") + relevel(as.factor(Temp.mean), "3") + reldaslfactor(Temp.std.monthly),
"4") + relevel(as.factor(Flow.mean), "4") + relefad.factor(DO), "4") + relevel(as.factor(EC), "3¥) relevel(as.factor(pH), "2") +

relevel(as.factor(Turbidity), "5") + relevel(as.ta{Channel.width), "4"), family = gaussian(link'elentity"), data = GLM3)
Deviance Residuals:
Min 1Q Median 3Q aM

-0.089459 -0.007030 0.000137 0.007137 0.5720

Coefficients: Estimate Std. Error t value Pr(>|t)) Signif
(Intercept) 1.88E-01 3.79E-03 49.491 <2e-16 ok
relevel(as.factor(River),"2")1 1.23E-02 6.24E-03 1.977 4.81E-02 *
relevel(as.factor(River),"2")3 7.39E-04 2.40E-03 0.309 7.58E-01
relevel(as.factor(River),"2")4 8.47E-03 4.93E-03 1.718 0.085774
relevel(as.factor(River),"2")5 1.28E-02 5.22E-03 2.452 1.42E-02 *
relevel(as.factor(River),"2")6 1.07E-02 6.52E-03 1.641 0.100859
relevel(as.factor(Temp.mean),"3")1 -1.26E-02 6.D3E- -2.07 0.038528 *
relevel(as.factor(Temp.mean),"3")2 1.64E-03 6.53E-0 0.251 0.802179
relevel(as.factor(Temp.mean),"3")4 -3.40E-03 6.8BE- -0.539 0.589909
relevel(as.factor(Temp.mean),"3")5 -2.72E-03 5.8GE- -0.508 0.611801
relevel(as.factor(Temp.mean),"3")6 -4.56E-03 6.890E- -0.701 0.483226
relevel(as.factor(Temp.mean),"3")7 -5.22E-03 5.83E- -0.885 0.376256
relevel(as.factor(Temp.mean),"3")8 -2.84E-03 5.86E- -0.484 0.628058
relevel(as.factor(Temp.std.monthly),"4")1 -2.93E-03 2.49E-03 -1.178 0.238913
relevel(as.factor(Temp.std.monthly),"4")2 -3.27E-03 2.81E-03 -1.165 0.244214
relevel(as.factor(Temp.std.monthly),"4")3 6.03E-04 2.28E-03 0.265 0.791352
relevel(as.factor(Temp.std.monthly),"4")5 -1.53E-02 3.86E-03 -3.977 7.06E-05 rkk
relevel(as.factor(Flow.mean),"4")1 -5.09E-03 4.00E- -1.145 0.252422
relevel(as.factor(Flow.mean),"4")2 -8.41E-03 4.0F- -2 0.045537 *
relevel(as.factor(Flow.mean),"4")3 1.40E-03 2.78-0 0.502 0.615533
relevel(as.factor(Flow.mean),"4")5 -1.96E-03 3.60E- -0.544 0.586175
relevel(as.factor(Flow.mean),"4")6 1.08E-02 5.48E-0 1.968 0.0491 *
relevel(as.factor(Flow.mean),"4")7 -5.59E-04 2.60E- -0.214 0.830462
relevel(as.factor(Flow.mean),"4")8 4.79E-03 43ZE-0 1.109 0.267592
relevel(as.factor(DO),"4")1 1.10E-03 2.85E-03 0.387 0.698532
relevel(as.factor(DO),"4")2 3.21E-03 3.46E-03 0.929 0.352916
relevel(as.factor(DO),"4")3 3.40E-03 2.62E-03 1.296 0.194904
relevel(as.factor(DO),"4")5 -8.59E-05 3.29E-03 -0.026 0.979183
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relevel(as.factor(EC),"3")1 7.44E-03
relevel(as.factor(EC),"3")2 1.30E-02
relevel(as.factor(EC),"3")4 1.02E-02
relevel(as.factor(EC),"3")5 1.09E-02
relevel(as.factor(pH),"2")1 -2.03E-03
relevel(as.factor(pH),"2")3 1.94E-03
relevel(as.factor(pH),"2")4 1.43E-03
relevel(as.factor(pH),"2")5 3.31E-03
relevel(as.factor(Turbidity),"5")1 -1.87E-03
relevel(as.factor(Turbidity),"5")2 -7.17E-03
relevel(as.factor(Turbidity),"5")3 -4.55E-03
relevel(as.factor(Turbidity),"5")4 -5.34E-03
relevel(as.factor(Channel.width),"4")1 2.89E-03
relevel(as.factor(Channel.width),"4")2 -3.29E-03
relevel(as.factor(Channel.width),"4")3 -1.69E-03
relevel(as.factor(Channel.width),"4")5 3.51E-03

2.85E-03
3.16E-03
3.40E-03
2.99E-03
2.04E-03
1.90E-03
2.19E-03
2.83E-03
1.918-
2.28B-
1.688-
5.108-
(=503
06E-03
15:-03
TEA3

2.617
4.124
2.988
3.631
-0.993
1.019
0.65
1.17

-0.948

-3.217

-2.707

-1.048

0.444

-0.65

-0.331

0.93

0.008899
3.79E-05
0.002824
0.000285
0.320801
0.308033
0.515946
0.24207
0.342986
0.001302
0.006815
0.29469
0.657168
0.516016
0.74036
0.352387

Appendices

*%

*kk

*k

*%

Signif. codes: 0 “*** 0.001 ** 0.01 * 0.05‘’0.1‘'1

(Dispersion parameter for gaussian family takebet®.0001734407)
Null deviance: 1.01796 on 5228 degrees @&dioen

Residual deviance: 0.89929 on 5185 degrees edm

AIC: -30396

Number of Fisher Scoring iterations: 2
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APPENDIX 5A

Collection of eggs fromLestagella penicillata(Ephemeroptera: Teloganodidae)Aphanicercella

scutata(Plecoptera: Notonemouridae) andChimarra ambulans(Trichoptera: Philopotamidae).

Life-history data for the three species, previousijlected from six rivers in the Western Cape,tBou
Africa, from 2009-2010 was used to determine ther@griate time of year to collect adults of each of
the species (Chapter 4 this thesis). Sites weeetsel for the collection of adults based on thifdhg
criteria a) confirmed presence of the species iestion b) abundances of the species in question c)

travelling distance and d) ease of access to tnglgzg site.
Lestagella penicillata

Adult females and naturally oviposited eggsLeistagella penicillatawere collected from Window
Stream, Table Mountain (see Fig. 5.1 in ChapteiO8).the & January 2011 a small pool measuring
1.20m x 1.05m x 0.18m and indirectly connectedht thain channel) was positively identified as an
oviposition site owing to the presence of dead ferimaagos (~25) floating on the surface of the wate
Two plastic containers (230mm x150mm x 80mm) werengerged in this pool to collect oviposited
eggs. Oviposition flights were observed at thislgbortly after sunset (between 18:30-19:15pm). The
conditions at the time of these flights were wastightly humid and still. Swarms of females were
observed flying upstream (at a height of approxatyaiim) to this particular pool after which they
circled the pool once or twice and then startedehniag over the water surface of the pool. No mating
flights or male adults were observed in these swasuggesting that the females had already mated and
were ready to oviposit. From a hovering positionwB80 cm above the water, females made several
short descent flights, making contact with the atef of the water on each occasion, presumably
ovipositing eggs freely into the water. This obsehoviposition behaviour is common also in the vast
majority of mayflies Brittain (1982). Several adfi#imales adhered to the water surface and died.
Others which successfully completed several dedftights flew to surrounding riparian vegetation.
The following morning the plastic containers wegdrieved and returned to the laboratory where

successfully collected eggs (+3000) were sorteédudidsecting microscope.
Aphanicercella scutata

The emergence period (adult flight period) for thieecies was shown to roughly extend from May to
August. Adult stoneflies are generally abundanirduthese winter periods of the year in cooler fast
flowing rivers or mountain streams and they canlyd® collected, using an aspirator, from the

underside of stones, logs and debris on the sthearks. Sweep nets can also be used to collectsadult
from riparian vegetation. Three trips were thereforade to the Wit River in June, July and August

2011, in an attempt to collect gravid females aentllised eggs.
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During the trips made in June and July 2011, biscigpad nymphs were collected from the surfaces
of stones-in-current and adults were collectedgisim aspirator from the underside of exposed stones
in the stream bed. The black wingpad nymphs weaeepl in the holding tank to obtain sub imagos and
imagos while the adults were sexed and inspecteédgs. On both occasions none of the collected
females showed signs of protruding egg masses pon dissection it was observed that eggs in the

ovarian ducts were still immature.

During a subsequent trip on 29 August 2011, adudte again collected from the underside of exposed
stones in the stream bed however in addition teefaelults, females were observed flying to and from
as well as clinging to the underside of ripariagetation about 1.5 meters above the waters surface.
Approximately 35-40 females were collected gentjynheans of an aspirator into a small glass vial
containing some river water. Upon closer inspecttbe adult females were found to be carrying egg
masses protruding from the tip of their upwardiyb@bdomens. The small circular-shaped egg masses
were white in colour and held together with a dgetais substance. On contact with the surface of the
water in the vials, the egg masses came apart Explg, successfully dispersing the eggs in the

process, after which the individual eggs (+110@Mkso the bottom of the vial.
Chimarra ambulans

The emergence period f@. ambulansxtends roughly from late spring (October/Novenierough
to late autumn/early winter (May/June) (see ChagjeAdults appeared to be present in abundance in

most of the study rivers over this period.

Multiple trips were made to collect adults of tegecies during the period from December 2011 te Jun
2012. Initially adults were collected from Windowré&am, located on the slopes of Table Mountain,
Western Cape, as logistically this was the closestam to collect from on a regular basis (see .

in Chapter 5). The collected insects were firsteslei¢his was done roughly according to body size,
females having noticeably larger abdomens) aftactwh few females were dissected to look for the
presence of mature eggs in the oviducts. In sommlfs upon making the initial incision into the
abdomen the eggs freely flowed out whilst in othetseggs were located, and then in others only ver
small undeveloped eggs were observed in connettéadents within the oviducts. Adults were found
to mate freely and continuously in captivity (bath small glass vials and also in larger plastic
containers) with single females mating with moranthone males. In some instances the adults
remained in copula for more than 30 minutes wivilgither cases mating was as short as a minute, wit
disturbances such as nudging and shoving from ai@peting males being common. With this type
of mating behaviour being exhibited, it was venffidilt to know which of the females had
successfully mated (i.e. which had incurred sudaksartilisation of eggs), especially since matds
several species of Trichoptera, perhaps @lsambulansemploy a wide array of strategies relating to

sexual competition (egcraping sperm deposited from a previous male btheofemale genital tract
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using a modified penis, before mating). Initiallgveral adults (~20) were left overnight in the
laboratory in 2 litre plastic ice cream tubs hdleél with water, aerated by means of an airstovith

one or two large river stones (the stones werglisgzt in boiling water to prevent confusion from
hatching of any other possible eggs/egg massesdglen the stone). The containers were then covered
with fine mesh to prevent adults escaping. Visuapéctions in the morning revealed several dead
adults floating on the water surface, and othessvded at the bottom of the container. The stonas we
inspected and in two cases several orange colagganasses | layer thick and in an oval shape were

found deposited on the submerged portion of theesto

This revealed that females were able to succegdsfudite and also oviposit eggs within an artificial
laboratory setup. Following this finding, flies werollected from both the Window Stream and
Elandspad River (see Fig. 5.1 in Chapter 5) andars¢égd into small oviposition chambers.
Approximately 15-20 adults (a combination of bo#xes) were placed into each chamber. The clear
plastic circular chambers each had a petri disbdfivith water as well as several half submergexd sa
blasted perspex plates placed into them along avigimall piece of grape and a piece of folded filter
paper to provide a dry surface for resting. All hers were covered with a fine mesh. The half-
submerged sand-blasted perspex plates placed fill¢aepetri dishes were hoped to provide suitable
surfaces for oviposition for female adults. Charsbsere kept overnight in a large cooler box along
with some ice, while a glass lid was placed over ¢boler box to enable a natural light cycle but

maintain a cool temperature inside.

Upon inspection the following morning, several aggsses had been oviposited on the submerged
pieces of perspex in the containers. These pietgerspex (3 pieces each with an egg mass) were
retrieved and placed in separate petri disheslfilléh approximately 50ml of fresh filtered (60uamnd

aerated tap water as in the casé ofcutata
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APPENDIX 5B

Artificial fertilisation experiments using eggs ofLestagella penicillata

Crucial to any experiment regarding the developneémiggs in aquatic insects, is the actual colbecti

of the eggs themselves. Three methods exist forcttlection of eggs 1) Fertilised eggs can be
collected from catching mated, gravid females re@adgviposit, through the use of hand nets or light
trap in the wild, 2) Fertilised eggs masses caoliiained by collecting substrata onto which thesegg
have been deposited (in cases where eggs havéragat threads) or 3) Unfertilised eggs can be
collected from mature emerging females that hawenbsather caught in the wild or reared in the

laboratory.

In this study initial attempts to capture mated dsmadults ofL. penicillata in the wild during
October/November 2010 were unsuccessful. Matut#amk wingpad nymphs were therefore collected
from algae covered stones in-current from a neatt®am, Window Stream (see Fig. 5.1 in Chapter 5)
and returned to the laboratory. The nymphs and swoittbe stones they were collected from were
placed in a holding tank, fitted with a verticalt reand % filled with chilled (10°C) aerated reservoi
water. The tank was kept in a constant temperatuwen set at 10°C with a 12:12 hour light cycle.
Partially submerged netting was placed on the assiof the holding tank in order to allow emerging
nymphs to climb out of the water and upwards inhi® vertical net. Nymphs were left to emerge as
sub-imagos and then finally as mature imagos. Matoale and female imagos were collected for the
purposes of a) obtaining unfertilized eggs andrepand b) attempting artificial fertilization of theggs

in controlled laboratory conditions at several temapures. Two separate artificial fertilisation
experiments were conducted. In the first, aeradpdaater from a reservoir (bubbled off for morentha
24 hours) was used as the fertilisation medium|anihithe second experiment a standard insectesalin

solution (Hoar & Hickman 1975) was used as thélization media.
Artificial fertilisation experiment 1

Eggs were extracted from eight female imagos. ilmghocedure the insect was decapitated and a small
incision was made in the posterior tip of the abdontEggs were then gently forced out of the female
by compressing the abdomen. Extracted eggs werediately placed in two to three drops of aerated
tap water. The testes from seven male imagos wenefutly removed and placed immediately into
aerated tap water. Sperm was squeezed from thestéSty. App5B.1) within the drops of water
containing the eggs and then gently mixed. Eggsspedm were left for 30 minutes before the mixture
of sperm and eggs were placed in 50ml of resemwater (room temperature) within glass petri dishes

(2cm deep, 4.5cm diameter).
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Fig. App5B.1Photographs showing the sequence of removing ttegret genitalia from malkestagella penicillata
and obtaining sperm from the testes for mixing wittfiertilised eggs in artificial fertilisation expements.

Following this, approximately 100-200 eggs wereeptigd into 12 separate petri dishes (two replicate
dishes at each of six different experimental terpuees) and the dishes were filled with 50ml of
reservoir water. Dishes were then transferred éotatrolled temperature environments set at 5, &0, 1
20, 25 and 30°C. Similar studies in the literatua®e shown that light and photoperiod does nothffe
the development of eggs (Britain 1982). For thigsom lighting was not controlled in these initial
artificial fertilisation experiments. For the dishat 20, 25, and 30°C constant temperatures were
obtained by floating the dishes in water in aqudiieed with thermostatically controlled heaters
calibrated prior to use. The experiment commencethe 5th November 2010 after which eggs were
monitored daily for signs of development. Digitdigpographs of the eggs were also taken at each
experimental temperature at five-day intervalststgrfrom the first day of the experiment in order
track the rate of development of the eggs. Dishexeviopped up with aerated tap water every second
day and carefully cleaned when the first signslgdileand fungal build up was observed.

Artificial fertilisation experiment 2

Following the same protocol as outlined in thefiaiil fertilisation experiment 1, eggs and spererev
collected from four female imagos and seven mabmgws. In this experiment the eggs and sperm were
gently mixed in drops of insect saline which waedias the fertilization medium. After the mixtuife o
sperm and eggs had been left for 30 minutes eggs separately placed in petri dishes containing
sterilized, aerated river water which was used hes ibcubation medium in this experiment. The
experiment commenced on the 12th December 201@asdnonitored according to the same protocol
outlined in the artificial fertilisation experimerit. After 40 days no signs of development were
observed in either of the artificial fertilisati@xperiments. The experiments were thus terminatddta
was concluded that further artificial fertilisatiexperiments would be necessary to determine whethe
this method is in fact possible with this speciemayfly to obtain fertilised eggs.
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APPENDIX 5C

Egg hatch parameter data:Lestagella penicillata

Table App5C.1Egg development ih. penicillatafrom Window Stream, South Africa.

Incubation period (days) Hatch duration Degree days to Hatch  success

Temp. (°C) No. eggs Date oviposited  Unfertilised gg Eiet hateh Mean hatch (days) mean hatch (%)
5 173 07/01/2011 1 - - - - -
5 140 07/01/2011 0 - - - - -
5 191 07/01/2011 3 - - - - -
5 89 07/01/2011 3 - - - - -
10 55 07/01/2011 2 52 63 22 630.1 100
10 52 07/01/2011 1 59 62 11 617 100
10 51 07/01/2011 3 63 68 11 678.4 81.3
10 43 07/01/2011 3 52 66 22 661.8 82.5
15 76 07/01/2011 2 19 23 9 346.4 100
15 132 07/01/2011 1 19 23 6 341 99.2
15 117 07/01/2011 1 19 22 6 334.4 100
15 84 07/01/2011 0 19 23 6 339.5 97.6
20 130 07/01/2011 3 13 14 4 282 99.2
20 115 07/01/2011 3 13 14 4 280.4 99.1
20 203 07/01/2011 0 13 14 5 279.4 99.0
20 133 07/01/2011 1 13 14 4 277.4 99.2
25 172 07/01/2011 1 - - - - -
25 147 07/01/2011 2 - - - - -
25 89 07/01/2011 0 - - - - -
25 52 07/01/2011 2 - - - - -
30 80 07/01/2011 4 - - - - -
30 90 07/01/2011 2 - - - - -
30 150 07/01/2011 5 - - - - -
30 43 07/01/2011 0 - - - - -
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APPENDIX 5D

Egg hatch parameter data:Aphanicercella scutata

Table App5D.1Egg development iA. scutatafrom the Wit River, South Africa.

Incubation period (days) Hatch duration Degree days to Hatch  success

Temp. (°C) No. eggs Date oviposited  Unfertilised gg First hateh Mean hatch (days) mean hatch (%)
5 189 29/08/2011 3 - - - - -
5 390 29/08/2011 6 - - - - -
5 440 29/08/2011 4 - - - - -
5 307 29/08/2011 3 - - - - -
10 405 29/08/2011 5 31 35 22 354 93.5
10 590 29/08/2011 9 31 37 24 369.4 83.7
10 635 29/08/2011 12 31 37 27 374.2 92.6
10 628 29/08/2011 6 31 37 26 3734 71.1
15 320 29/08/2011 3 18 25 29 380.4 74.5
15 432 29/08/2011 6 18 25 28 380.4 76.8
15 671 29/08/2011 6 17 26 29 392.3 76.6
15 374 29/08/2011 11 18 27 28 397.5 75.5
20 544 29/08/2011 4 15 20 20 408.2 37.2
20 691 29/08/2011 8 15 20 21 407.2 26.2
20 543 29/08/2011 5 15 21 21 410.4 27.5
20 409 29/08/2011 4 15 20 21 408 36.1
25 521 29/08/2011 2 - - - - -
25 296 29/08/2011 1 - - - - -
25 408 29/08/2011 4 - - - - -
25 501 29/08/2011 3 - - - - -
30 442 29/08/2011 4 - - - - -
30 534 29/08/2011 4 - - - - -
30 422 29/08/2011 3 - - - - -
30 394 29/08/2011 1 - - - - -
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APPENDIX 5E

Egg hatch parameter data:Chimarra ambulans

Table App5E.1Egg development i€. ambulandrom Elandspad River, South Africa.

Incubation period (days) Hatch duration Degree days to Hatch  success

Temp. (°C) No. eggs Date oviposited  Unfertilised gg First hateh Mean hatch (days) mean hatch (%)

5 282 16/03/2012 2 - - - - -

5 208 22/02/2012 0 - - - - -

5 313 24/03/2012 8 - - - - -

5 258 29/03/2012 3 - - - - -

10 254 16/03/2012 43 - - - - 0

10 329 21/03/2012 15 34 34 3 344 1.6
10 164 22/03/2012 2 33 34 3 338 6.2
10 184 24/03/2012 3 33 35 9 354.1 84.5
15 201 22/02/2012 25 17 19 6 283.7 91.5
15 241 22/02/2012 11 16 17 3 251.3 1.7
15 108 21/03/2012 11 19 20 2 293 13.4
15 221 24/03/2012 86 - - - - 0

20 210 16/03/2012 37 10 12 10 241 11
20 111 22/03/2012 5 12 12 1 240 0.9
20 165 21/03/2012 78 11 12 7 247.4 36.8
20 257 24/03/2012 18 14 14 1 280 0.8
25 145 24/03/2012 18 10 11 4 284.3 6.3
25 560 28/03/2012 29 11 11 1 275 0.2
25 350 28/03/2012 0 9 10 2 241.5 15.1
25 419 28/03/2012 6 9 10 3 252.5 6.8
30 201 28/03/2012 22 - - - - -

30 152 29/03/2012 3 - - - - -

30 147 29/03/2012 11 - - - - -

30 321 29/03/2012 2 - - - - -
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APPENDIX 6A

Size increase over time of individuals ok. penicillata used in growth experiments from each site

and at each temperature treatment

Crosses denote death of the individual, while op@sngles represent emergence. Open circles
represent initial size measurements not used inc#theulation of growth rates. Dotted lines denote

periods not used in the calculation of growth rates
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Kirstenbosch at 15 degrees
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10D (mm)

Molenaars at 25 degrees
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