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ABSTRACT

A growing human population accompanied by urbamsaand industrialisation have led to
over exploitation and pollution of freshwater resms and have consequently impacted on
aquatic ecosystem health. The Swartkops River engastern Cape of South Africa is no
exception. It drains a heavily industrialised batent which has led to deterioration of its
water quality due to pollution. Integrated watesaurces management (IWRM) requires the
concurrent sustainable use of water resourceshendrotection of aquatic ecosystem health.
Macroinvertebrates are well known for their abitibyreflect the health of the environment in
which they live, thus they were used to assesg@pigenic impacts in the Swartkops River
for this study.

Macroinvertebrate based biomonitoring approachesuding the South African Scoring
System version 5 (SASS5); a multimetric approaclolinng 19 metrics; Chironomidae
community assessments and screening of morpholatgéarmities in Chironomidae larvae,
were applied at four selected sampling sites tesasenvironmental water quality in the
Swartkops River. Macroinvertebrates were sampledngusthe SASS5 protocols.
Chironomidae were mounted and identified as fagprastically possible using available keys.
Mentum, ligula, mandible, paraligula and antenn&lmronomidae larvae were screened for
deformities. Physical and chemical water qualityiatdles were measured at each of the
selected sampling sites. All data were subjectedlgyant statistical analyses.

Of the four sites sampled during the study perniedults revealed that water quality at site 1
was the least impacted with highest SASS5 scoresage score per taxa (ASPT) values,
richness, diversity, equitability and EphemeroptelPdecoptera-Trichoptera (EPT) richness,
as well as least incidences of chironomid defoamitWater quality at site 2 was considered
the next least impacted with higher SASS5 scoreé3P™A values, richness, diversity and
equitability, and lower incidences of deformitiesngared to sites 3 and 4. SASS5 scores
and ASPT values revealed that both sites 3 andrd eréically modified but the multimetric
analysis, Chironomidae community assessment anddeimces of deformities in
Chironomidae larvae indicated that site 3 is thestmmpacted of the four sampling sites,
with least species diversity, richness, equitabdind highest incidences of deformities.

The study revealed the importance of multicrit@ggporoach to environmental biomonitoring
as an integrated water resources management tablp@sed on the results, site 3, as the
most impacted, could be prioritised for restoratigervention.
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

World population growth continues to escalate rigpidccompanied by rapid urbanization,
industrialization and increased demand for food a(@ie, 2004). These factors have
consequently led to over exploitation and pollutafralready stressed freshwater resources
leading to deterioration in water quality, a redmectin water quantity and degradation of
freshwater biodiversity habitats (Jewitt, 2002; stas et al., 2005). For example,
industrialization over the past half century hastle huge increases in the discharge of toxic
chemicals into fresh water bodies, some of whoseitg are partly or totally unknown
(Hassaret al., 2005). In addition, many of these chemicals arsipent and could transform
into by-products that may have adverse effects atemresources (Hassenal., 2005). As a
result, the ability of freshwater ecosystems tovgt® clean and reliable sources of water,
maintain the natural water cycle and the biologioald web as well as provision of food and
recycling of nutrients have been severely impa(i¢dssaret al., 2005). These have limited
the amount of useable water available for bioditagrdor further economic and social
developments as well as natural ecosystems fumetiqdewitt, 2002; Hassaat al., 2005).

Several African countries have already reachedpassed, water stress thresholds where
further economic development is hampered by shertdgvater supply (Falkenmark, 1989;
Ashton, 2002; Donkor, 2003). The present populagicowth trends and patterns of water use
may cause more countries to experience chroniccoteawater scarcity by the year 2025
(Ashton, 2002). The problem of water scarcity oa tontinent is further compounded by
increased deterioration in water quality due tdytmn, inadequate management strategies
and lack of political will to implement and enforexisting policies (Falkenmark, 1989;
Donkor, 2003; Swatuk, 2005; Adedeji and Ako, 200&)e reduction in water quantity and
qguality pose serious threats to sustainable usgabér resources in Africa (Ashton, 2002).
The challenges associated with water quantity andlitgy may have adverse negative
economic impacts in most parts of southern andheant regions of Africa, where most
countries witness incessant variable and erratidalh patterns, extreme temperatures and
high evaporation rates coupled with problems ofewadollution, inadequate management
strategies and policies (Day, 1998; Donkor, 20@@at8k, 2005; Varis and Abu-Zeid, 2009).



Water resources in most parts of South Africa anédd and this is exacerbated in that the
country is located in predominantly semi-arid pafrthe world (NWRS, 2004).The climate
varies from desert and semi-desert in the wesubshsimid along the eastern coastal area
with an average annual rainfall of about 450 mm @BY2004). The potential evaporation
ranges from 1100 mm to 3000 mm, which is considgrhlgher than the average annual
rainfall of the country (Davies and Day, 1998; Ra)l 2000; NWRS, 2004). It has been
predicted that South Africa will experience sevesaer scarcity by 2030 (Mukheibir and
Sparks, 2003) probably due to its climate, pollutand the increase demand for water to
meet the needs of the growing human populationpldwing in South Africa rely mostly
on surface water for their domestic, industrial aggicultural water supplies and although
much water is abstracted directly from dams, thenty's rivers are still over exploited due
to scarcity of perennial lentic water bodies (Davéed Day, 1998). The over exploitation of
river ecosystems in South Africa has impacted sdyem their ecological integrity (Rowet

al., 1999; Thiere and Schulz, 2004; Oberholsteal., 2008; Mantelet al., 2010a; Simaika
and Samways, 2010).

The Swartkops River in the Eastern Cape is an itaporfreshwater ecosystem in South
Africa and it is considered a vital ecological dssepporting an estuary rich in biological
diversity (Taljaardet al., 1998). The river also supplies water for agricdtuequirements,
particularly for irrigational purpose in its catcamt (DWAF, 2003). It drains several
industrial areas, including Uitenhage, Despatch #&wiaNobuhle, and suffers varying
degrees of perturbations resulting from human ieduchanges. Human activities in its
catchment have resulted in a number of both diaett indirect impacts, which include
impoundments, industrial and domestic effluent ltisges, deforestation and agricultural
land use (Taljaardt al., 1998; DWAF, 1996a). Consequently, there is pensisileterioration

in environmental water quality and a loss of biedsity habitats in the Swartkops River
(DWAF, 19964a; Bairctt al., 2004).

The anticipated further industrialization of theaskern Cape economy, and increased
urbanization of the population within the Swartkdpiser catchment in particular (DWAF,
2003; NWRS, 2004), may result in further deteriorain the environmental water quality of
the river. Therefore, there is urgent need for giga measures in order to incorporate the
increasing water demand and pollution problems imémagement plans so as to conserve the
river and its biota.



In this study, the South African Scoring Systemsiar 5 (SASS5), a multimetric approach,
Chironomidae community assessment and screeniggfofmities in Chironomidae larvae
were applied to the bioassessment of the SwartRogs health (particularly water quality).
The approaches and results are introduced andsdisduon the context of current water
resource policy, law and implementation strateggonith Africa.

1.2 Water Resources M anagement in South Africa

The South African national Department of Water A#gDWA) is the official government
department responsible for the implementation dicjgs and programmes related to South
African water resources management. The DWA isaesiple for ensuring that everyone in
South Africa has access to good quality water aateifor protection of ecosystems. The
department is therefore the custodian of SouthcAfriwater resources.

1.2.1 The South African National Water Policy (NWP) and the National Water Act
(NWA, No. 36 of 1998)

The South African National Water Policy (NWP) wasnulated through a review process
initiated in 1994 and finally adopted by CabinetlB7 (DWAF, 1997). It recognises equal
access to good quality water by all South Africaissits central principle and identifies
sustainability and equity as pivotal in the protatt use, development, conservation,
management and control of water resources. Thdiasic human and environment needs
should be met and exploitation of water in all aspeincluding quality, quantity and
reliability of supply must be sustainable in thedaerm (Palmer, 1999; Dallas, 2000). The
NWP is given a legal backing through the Nationait®&y Act (Act No. 36 of 1998) being the
legal instrument that relates to the managemer8oith Africa’s water resources (NWA,
1998). It also provides a legal mandate for thdaggoal assessment of South African water
resources (NWA, 1998). The NWA is founded on ppites which take into account efficient
management of the country’s water resources andl @qeess to good quality water by all
South Africans. The Minister of Water and EnviromihAffairs is mandated by the NWA to
draw the road map for the achievement of the plasienshrined in the NWP and by the
year 2004, the first edition of the National WaRgsource Strategy that contains clearly
defined steps to accomplish the principles ofNN#P, was released (NWRS, 2004).



1.2.2 The National Water Resour ce Strategy (NWRS)

The South African National Water Resource Strat@gyWRS) sets out the strategies,
objectives, plans, guidelines and procedures fergitotection, conservation, development,
management and control of water resources withen ftamework of existing relevant
government policies (NWRS, 2004). The Strategy ol actions to be taken to manage
future water needs under four objectives, whicHuithe the establishment of a national
framework for the management of water resourcetabéshment of frame work for
catchment management strategies; provision of watsmurces management information to
members of the public; and identification of watesource development opportunities and
constraints. The NWA, NWP and the NWRS form thsidaf the integrated water resources
management in South Africa.

1.2.3 Integrated Water Resources M anagement (IWRM)

The Integrated Water Resources Management (IWRoaeh recognises the multi-faceted
issues of social, environment, economic, policied gender associated with water and
therefore advocates a more comprehensive, intebate holistic approach to deal with
water resources management and has become anatmesily accepted approach for
managing water resources (UN, 2008). This hasdexdghift from the traditional fragmented
approach in which water resources were managedaepafor different users and by
different institutions without integration and cdoration among relevant stakeholders (UN,
2008). IWRM has been defined as “a process whiomptes the coordinated development
and management of water, land and related resquircesder to maximize the resultant
economic and social welfare in an equitable mammgout compromising the sustainability
of vital ecosystems” (NWRS, 2004 p 10). The IWRMimidon provided above recognises
the principles of equity, sustainability and eftiocy in the management of water resources as
well as collaboration among government agenciasitinions and all relevant stakeholders at
international, national and catchment levels (NWR®)4).

Management of environmental water quality formsiraportant component of IWRM and
thus becomes necessary to implement programmerihnatie data needed for appropriate
management interventions in managing environmentder quality (Palmer, 1999). The
Resource Directed Measures (RDM) and the Sourcectad Controls (SDC) are two
approaches to ensure efficient management of wedsources in South Africa, and



environmental water quality management forms aegial part of these two complementary
approaches (NWRS, 2004). The RDMs are designedoteqt water resources by managing
water quality and quantity, condition of in-streaand riparian habitats, condition and
distribution of the aquatic biota (NWRS, 2004). TREM has four components: a system for
classifying water resources; determination of Egwmlal Categories; determination of the
Reserve and setting of Resource Quality Objectfi®Q0). The classification of water
resources is set to strike a balance between lenmg-ecological integrity and continuing
water use for socio-economic developments. Watepurees are classified into three
management classes which include natural, modgnased or impacted and severely used or
impacted while the Ecological Categories are cleskias natural, good, fair and poor
(Thirion, 2008). The Reserve identifies water regpnents in terms of quantity, quality and
reliability of supply for basic human needs and finectioning of the aquatic ecosystems
(Hughes, 2005). The Basic Human Need Reserve p@svidr the essential needs of
individuals served by the water resource in quaséiad includes water for drinking, food
preparation and personal hygiene. The EcologicaeRe relates to the water required in
terms of quality and quantity to protect and mamt#e aquatic ecosystems of the water
resource.

The Resource Quality Objectives (RQO) set wateragpament objectives for the resource
according to its management class (NWA, 1998; NWRH&)4). On the other hand, the
Source Directed Controls (SDC) impose limits on tilse of water resources through tools
such as licenses, registrations and authorisaigsugd to water users either as individuals or
corporates (NWRS, 2004). SDC is a strategy desigoealoid over exploitation of water
resources in order to achieve the desired levekatiection. It is the essential link between
the protection of water resources and the reguiatiotheir use (NWRS, 2004). The RDM
and the SDC therefore serve as the means by whith of the principles of the IWRM can
be achieved.

As a practical means for routine monitoring andeassent of environmental water quality
within the RDM and the SDC, the South African gawveent has implemented a number of
national water quality monitoring programmes witliree core functions namely: data
acquisition, data management and storage, andniatton generation and dissemination
(DWAF, 2004). These monitoring programmes incluB@trophication Monitoring

Programme (DWAF, 2002a; Rossowval., 2008), Radioactivity Monitoring Programme



(Sekoko et al., 2006), Toxicity Monitoring Programme (Murragt al., 2003), Physico-

chemical Monitoring Programme, Microbial Monitorigyogramme (DWAF, 2002b) and
River Health Programme (RHP, 2006). These prograsnomntribute toward sustainable
management and utilisation of fresh water resourthe River Health Programme (RHP),
initiated by DWAF in collaboration with the Depagnt of Environmental Affairs and
Tourism (DEAT) and the South African Water Reseadmmission (WRC) uses biological
organisms as its primary indicators to ascerta@ ¢hological conditions of rivers while
relying on physical and chemical factors for theterpretation (RHP, 2006).

1.3 The South African National River Health Programme (RHP)

The design of the River Health Programme (RHP) wdisated in 1994 by the then
Department of Water Affairs and Forestry (RHP, 2006he Programme was designed to
generate the information needed regarding the gmabconditions of riverine ecosystems in
South Africa (Rowet al., 1999; RHP, 2006). Its overall goal was to expareddbological
basis of information on aquatic resources in otdesupport the rational management of the
systems (Rouwt al., 1999; Dallas, 2000). The RHP utilises responses-sfream biota to
characterize the impacts of disturbances in aquatmsystems and incorporates several
components of the biota, including fish, macroitebrate and riparian vegetation as its
primary indicators in the monitoring of health ofer systems while abiotic indicators such
as habitat, geomorphology, hydrology and water ¢steynform the framework within which
the biotic results are interpreted (Rogbal., 1999). The rationale is that the integrity of the
in-stream biota provides a direct, holistic ancgrated measure of the integrity of the river
in which they live (Karr and Chu, 1997; RHP, 2006Assessment tools with different
indicator organisms such as fish, the Fish Assegeblategrity Index (Kleynhans, 1999);
riparian vegetation, the Riparian Vegetation Inded macroinvertebrates, the South African
Scoring System (Dickens and Graham, 2002) have eloped for assessment of
environmental water quality within the RHP. Thesels utilize the responses of aquatic
biota to characterise impacts of anthropogenicvitiets on in-stream biota. Responses of
aguatic biota to changes in riverine ecosystemsuaedul in estimating past and present
ecological conditions of rivers and streams (Barpal®99; Oberholstet al., 2008;
Arimoro, 2009; Hermosoet al., 2010) and the field of biological monitoring (or
biomonitoring) is devoted to the understandinghaf tesponse of in-stream biota to pollution



and other perturbations that might result from sopgbgenic activities (Rosenberg and Resh,
1993; Karr and Chu, 2000; Novoteyal., 2005; Bonadat al., 2006).

1.3.1 Biological monitoring

Biomonitoring of aquatic ecosystems began to gapufarity after the saprobic system
which established the conceptual basis for bionooiny methods, and was based on the
sensitivity of aquatic organisms to organic podiatiBonadaet al., 2006). The traditional
means of assessing the impacts of pollution onmaddies were through the measurement
of physical and chemical parameters. However,aab® clear that such measurements could
not provide ecological information because the myistc effects of pollution on aquatic
biotic community may not be fully and easily asselsshrough chemical and physical
measurements (Rosenberg and Resh, 1993; Vermeld®s, Kasangaket al., 2006).
Furthermore, only physical and chemical measuresnez@nnot form the basis for
biodiversity conservation. Biological assessmenstoédam conditions provides information
needed for the conservation of biodiversity (Siraagéitnd Samways, 2009). In South Africa
for example, the Dragonfly Biotic Index (DBI) hagdn developed for prioritising and
assessing site conditions for conservation purp8seaika and Samways, 2009).These short
comings of physical and chemical water measuremeatessitated the use of biological
organisms to assess the impacts of anthropogenicitias on water quality in aquatic
ecosystems and have given rise to a branch of ggatalled biological monitoring (or
biomonitoring). Biomonitoring is a product of thesamption that the response or “health” of
biota is a reflection of the “health” of the enviroent in which they live (Rosenberg and
Resh, 1993; Bonadet al., 2006). It uses resident biota such plants, aniraats micro-
organisms to evaluate effects caused by anthropogaess on aquatic ecosystems. Stressed
water bodies are often dominated by tolerant osgasiwith corresponding reduction in the
number of sensitive ones. Biomonitoring uses thealtin” or responses of biological
organisms to evaluate changes in the environmeat tould provide indications of
environmental stress and hence the need for remedt@ons in stressed environment
(Rosenberg and Resh, 1993). Biomonitoring appresaaitiude a) community indices based
on multivariate analyses (e.g. ordination, hieraalh clustering, analysis of similarity
[ANOSIM], similarity percentage [SIMPER],); b) dikgty indices (e.g. Shannon and
Simpson indices) and c) biotic indices (e.g. Strdawnertebrate Grade Number Average



Level [SIGNAL, Australia], River Invertebrate Pretlon and Classification System
[RIVPACS, UK], the South African Scoring System [S8]) (Jorgensost al., 2005).

Organisms that are sensitive to changes in their@mment are called indicator organisms
(Bonadaet al., 2006). Indicator organisms are differentially semsito environmental stress
and are therefore suitable for biomonitoring prograes (Baptist&t al., 2007; Justust al.,
2010). In addition, specific endpoints such as gkann growth rate, behaviour, expression
of fluctuating asymmetry, morphological deformitiasd biochemical markers in indicator
organisms are also used to detect changes in theement (Bonadat al., 2006; Fariaet

al., 2006; Leeet al., 2006; Ochienget al., 2008). These endpoints are called biomarkers
(Bonadagt al., 2006).

Different organisms have been used as biologicdica@tors including algae, diatoms, fish
and macroinvertebrates (Rosenberg and Resh, 1998cboBr et al., 1999).
Macroinvertebrates live on the substrate, in vegataand other available habitats of
freshwater bodies for at least part of their lifeleyand are large enough to be seen with
unaided eyes. They are usually employed in bioroang programmes in a variety of ways,
such as monitoring changes in genetic composib@maccumulation of toxicants, toxicology
testing in the laboratory and field measurementcbénges in population dynamics,
community composition or ecosystem functioning (@uxerg and Resh, 1993; Bonatlal .,
2006). They have several advantages over othecatati organisms, which include their
ubiquitous occurrence, abundance and ease of toliea species richness that offers a wide
spectrum of environmental responses; relatively esedy lifestyles and therefore
representativeness of local conditions; providéndication of environmental conditions over
varying time periods; differential sensitivity to \ariety of pollutants and consequent
capability of a graded response to a broad speatfustress; and serve as critical path-way
for the transport and utilization of energy and terain aquatic ecosystems (Camagjal.,
2004; Bonadat al., 2006).

Use of macroinvertebrates in biomonitoring of Sodtfiica’s water resources became
popular with the development of the South Africazoiihg System (SASS), and was later
incorporated into the river health programme asairies biological indices. SASS is used as
a tool for the biological assessment of environmkewater quality in South Africa’s riverine
ecosystems (Chutter, 1998; Dickens and Graham,)2002



1.3.2 The South African Scoring System (SASS)

The South African Scoring System (SASS) is a bimtiex based on the presence of selected
families of aquatic macroinvertebrates and theirc@iwed sensitivity to water quality
changes (Chutter, 1998). SASS is a modificatiothefBiological Monitoring Working Party
(BMWP) Scoring System, and has undergone sevegalowvements resulting in the current
South African Scoring System version 5 (SASS5) (€hu 1994; Dickens and Graham,
2002). Macroinvertebrate families are awarded scbesed on their perceived sensitivity in
the range of 1 to 15 in increasing order of thems#tivity to water quality changes. SASS5
results are expressed both as an index score aankemye score per recorded taxon (ASPT)
value. SASS has been rigorously tested (Dallas7;12004; Voset al., 2002) and is widely
used in South Africa as a tool for assessing rhealth conditions (Dickens and Graham,
1998; Fouche and Vlok, 2010; Mantei al., 2010a; 2010b). Its wide acceptance and
application as a biomonitoring tool may be attrdglito the following reasons:

i) It is easy and simple to operate; it does nquire sophisticated equipment.

i) The method is cheap and results are easilypnéted and conveyed to water resources

managers.

i) Sampling is generally non-destructive excephene representative collections are
required (Davies and Day, 1998)

iv) It provides an insight into the biological siatof rivers in terms of environmental water
quality (Chutter, 1998; Dickens and Graham, 2002).

However, because SASS is a rapid bioassessmenbdndéveloped for rapid assessment of
environmental water quality, it has some limitasiofor example, it is a single biotic index
and as such, it masks ecological information frdirleaels of the ecosystem that is, from
individual, population and community levels. SevVetadies have shown that a multimetric
approach (i.e. the use of multiple metrics fronfedént ecosystems levels and functions)
rather than a single biotic index would provide emarbust ecological information needed for
the management of water resources (Licke and Joh2@®9; Sanchez-Montoyet al.,
2010). In addition, because of its rapid assessmegnte, taxonomic resolution in SASS is at
the family level. Therefore, changes in species pasition, abundance and distribution

within a family in relation to environmental watquality changes may not be detected



(Roachet al., 2000). These limitations posed the need for theloeation and possible
application of other intensive methods that cowddubed along with SASS in the assessment
of environmental water quality in the Swartkopsdriv

1.3.3 A Multimetric approach

Metrics are measurable parts or processes of adwal system that have been shown to
change in value in response to changes causedtbsopagenic activities in an ecosystem
(Ofenbdcket al., 2004). Multimetrics (i.e. the combined used of npldt metrics) have been
frequently used for assessing water quality detatimn in rivers and streams (Klenmenal.,
2002; Vleket al., 2004; Baptistaet al., 2007; Trigalet al., 2009). The approach was first used
in the USA for the assessment of biotic integrityfish communities (Karr, 1981), and later
for fish and macroinvertebrates (Ohio EPA, 1988a¥gder and Rankin, 1995). A
multimetric approach allows for integration of emgkal information from individual,
population, community and ecosystem levels to gavéetter picture of anthropogenic
impacts on macroinvertebrate community structune$ also the combination of metrics
reduces the weaknesses of individual single mékar and Chu, 1997; Ofenbdck al.,
2004). Although it is possible to convert the vasoaspects of macroinvertebrate
communities to a single quantitative score (Verdbos 2000; Baptistat al., 2007), several
researchers have used the method to assess thetsngpaarious kinds of pollution without
such conversion (Ravera, 2001; Bohneeral., 2004; Camargeoet al., 2004; Lucke and
Johnson, 2009). This could be as a result of thigisms such conversion has received that
useful ecological information may be lost while wethg to a single score (Sutter, 1993;
Polls, 1994; Bonadet al., 2006) and to also allow the combination of mettaseduce the
weaknesses of individual single metric (Klerahal., 2002).

The different aspects of macroinvertebrate commesithat may be included in a
multimetric approach include measures of abundasm®position, richness, diversity, biotic
indices and functional feeding groups (Kleretral., 2002; Camarget al., 2004). Measures

of abundance is an enumeration method that de#isti@ counting of number of individuals
within a taxon and composition gives the percentagadividuals within a taxon in relation
to the total number of individuals in all recordedta in a sample while richness deals with
the number of taxa in a sample (Klenetmal., 2002). Richness often considers a change in
dominance of one or more taxa due to pollution wy ather disturbance (Verdonschot,
2000). Diversity measures are metrics consideredetmease with increasing disturbances
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(Verdonschot, 2000). Sensitivity measures relylenassignment of sensitivity scores to taxa
based on their perceived sensitivity or tolerangepollution. Diversity indices can be
grouped as either dominance indices or informastatistics indices (Ogbeibu, 2005).
Dominance indices are weighted towards the abumdarficthe commonest species (e.g
Simpsons index) while information statistics indiceuch as Shannon index reflects
individual taxon abundance (Ogbeibu, 2005; Gray &wlaney, 2008). The functional
measures use the alteration in dominant feeding tymler different types of disturbances to
assess impacts of stress on in-stream macroinvatési(Verdonschot, 2000). For metrics to
be useful to assess changes in environmental watdity, they should be able to respond
and discriminate such changes from natural vanati@glemmet al., 2002; Ofenbéclet al.,
2004).

The multimetric approach has received considerabiention with the development of
multimetric indices for use in the assessmenérmfironmental water quality around the
globe (Klemmet al., 2002; Bohmekt al., 2004; Camarget al., 2004; Ofenbdclet al., 2004;
Baptistaet al., 2007; Trigalet al., 2009). The Index of Biotic Integrity 12 (IBI 12abed on

12 sets of metrics has been developed for wateltyj@ssessment in all stream types in
Germany (Béhmeet al., 2004). The IBI 12 was found to detect the stata@rgfairment of
every stream type with Spearman’s correlation vadfieR = 0.76 and was particularly
sensitive to sewage effluent with Spearman’s catia value of R = 0.87 (Bohmet al.,
2004). In Austria, stressor specific multimetricires were developed for the assessment of
Austrian rivers and streams (Ofenbéetkal., 2004). These authors found that the resulting
indices were able to distinguished reference aightyf impaired sites from perturbed sites
with accuracy of between 99.8% and 100%. In Br&sirra dos Orgdos Multimetric Index
(SOMI) was developed for the assessment of watalityun the Serra dos Orgéos region,
South-east Brazil (Baptistat al., 2007). The index was found to be a robust easypiya
tool for biomonitoring programmes. Vie#& al. (2004) developed similar index for the
assessment of water quality in the Netherlands.

Several studies have considered the performanddéfefent metrics either for the assessment
of a single stressor type or a combination of midtstressors including the impacts of coal
mining Garcia-Criadcet al. (1999); acid mine drainage, Gray and Delaney (2068p

sewage effluent, (Ravera, 2001; Lucke and John2009). Freshwater habitat conditions

(Simaika and Samways, 2011). Comparison of bio&gitetrics and indices is important in
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order to assess which metrics and indices are suitsible for the assessment of a particular
stressor. Despite the considerable information #tetunds on the use of multimetrics, the
approach has received little or no attention inakgessment of environmental water quality

in South Africa water resources.
1.3.4 Chironomidae community bioindication

Among families of aquatic macroinvertebrates, Ominmidae are probably the most widely
distributed and species rich family constitutingween 10 % and 50 % of the biomass of
aquatic macroinvertebrates (Armitageal., 1995; Cranston, 1996; Harrison, 2002; Porinchu
and MacDonald, 2003). They occupy extremely vabedopes because of their ability to
tolerate a wide array of environmental water guafiradients and their extraordinary
ecological range and environmental sensitivity mtiem particularly useful for assessing
and interpreting changes in water quality of agquatiosystems (Dickman and Rygiel, 1996;
Bhattacharyayet al., 2006). Consequently, several studies have used #®eimdicators of
environmental water quality changes (Janssens stad@®ien and Gerhardt, 2003; Mousevi
al., 2003; Adriaensseres al., 2004; Janssens de Bisthowtial., 2005, Luoto, 2010). One of
the limitations of SASS being a rapid assessmeutopol, as mentioned earlier, is that its
taxonomic resolution is at the family level and mipas in species composition, abundance
and distribution within the family in relation ton@ronmental water quality changes cannot
be detected (Roac#t al., 2000). This is primarily because SASS is a rapisessment
method and was not intended for detailed and rigoassessments of streams (Dickens and
Graham, 2002). However, despite the huge speabseass in the family Chironomidae in
South Africa water resources (Harrison, 2002), sexkral studies elsewhere (Adriaenssens
et al., 2004; Wright and Burgin, 2009; Luoto 2010) thetve revealed that the family
Chironomidae has both pollution sensitive and toletaxa, the family has been assigned a
highly tolerant score of 2 in SASS5 (Dickens anaitam, 2002). Therefore, more refined
taxonomic assessment of this family could providevant information on their range of
sensitivity to environmental water quality changeSouth African water resources.

Changes in chironomid community composition may eedvevidence of industrial,
agricultural, organic pollution and habitat degtamlain aquatic ecosystems (Diggins and
Stewart, 1993; Luoto, 2010). Diggins and Stewa®9@g) used chironomid larval community
composition to monitor the impact of trace elemantthe Buffalo River, New York. They
reported that mean chironomid density decreasedh witcreasing trace elements
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concentrations. Janssens de Bisthoven and Gerh@@Q3) investigated chironomid
community structure in two unpolluted streams (®asd and Skaralidbacken) and one
chemically and thermally polluted stream (Ybbasndpdhe unpolluted streams had 13 and
16 taxa withMicrorendipes pedellus dominating while the degraded stream had only & tax
dominated byProcladius choreus. Changes in diversity and structure of Chironomida
communities have been investigated along a gradiérteavy metal contamination and
Procladius spp, Tanytarsus spp, and Chironomus anthracinus appear to be good indicators
of heavy metal contaminations (Mousavial., 2003). Adriaenssera al. (2004) examined
the diversity of chironomid communities and theaileras indicators of water quality changes
for the assessment of particular river types antemwquality in Flanders, Belgium. These
authors, grouped chironomid populations into thiaedicator groups, which include
indicators of good water quality, indicators of et enriched with nutrients and organic
matter and taxa that were indifferent to changesater quality. Janssens de Bisthoeeal.
(2005) examined chironomidunistic composition in sites impacted with acid mine dage
(AMD) and arsenic pollution. They reported 18 -ta%a at AMD impacted sites and 22 taxa
at arsenic impacted sites compared to the 25 so@ded at the reference site. These authors
also observed that AMD sites were characterized bhygh proportion of the subfamilies
Chironominae and predatory Tanypodinae and assthédhese subfamilies may be useful
bioindicators for AMD pollution. Wright and Burgif2009) reported changes in chironomid
community in response to both organic and heavyahpetllution in the upper Grose River
catchment. These authors concluded that Austrai@ronomids display strong pollution
response. Chironomids had also been found to resptongly to nutrient enrichment in
Finland (Luoto, 2010). Although chironomids aretgalarly useful in the assessment of
environmental water quality, a major limitation @sisted with the use of this group of
macroinvertebrates is the inherent difficultieshair identification to species level (Harrison,
2002).

Assessment of environmental water quality basedhamges in community structure either
at species, genus or family levels of taxonomy oaty detect altered environmental
conditions when species or families of macroinvandees are lost from a site (Faréh,al.,
2006). Community structure assessments are edgentieasures of lethality, and
concentration of contaminants must be high enoagkdult in the disappearance of sensitive
groups before community response assessment caat detpacts of stressors. Lethal end

points are not suitable for use as early warnidgcators of contaminations in streams (Faria,
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et al., 2006). At sub-organism levels, biomarkers respamndub-lethal concentrations of
contaminants and are considered early warning ksigita environmental water quality
deterioration. Chironomids present a range of biteras that can be used in the assessment

of environmental water quality.
1.3.5Biomarkersin Chironomidae

Biomarkers are specific endpoints examined in imdic species (Rosenberg and Resh,
1993). Chironomids present an array of biomarkersuding changes in life-history
parameters, behavioural, biochemical and morphoddgiesponses. Different life-history
parameters in chironomids such as growth ratealalevelopment time, fecundity, mortality,
survival and behaviour have been used in ecotaapedl studies involving a variety of
chemicals including heavy metals, radioactive el@s)goesticides and arsenic (Heidisl .,
1990; Postma and Davids, 1995; Janssens de Bistlebak, 1998; 2001; Vermeulee al.,
2000; Meregalli and Ollevier, 2001; Martinez al., 2006; Diaset al., 2008). Heiniset al.
(1990) exposed midg&slyptotendipes pallens to cadmium and quantified behavioural
response by means of impedance response mechar8$gis. deviation from the normal
feeding behaviour was observed at concentratior®.oto 1.0 mg/l of Cd and behaviour
became erratic at concentrations of 5.0 to 10.0.nRgstma and Davids (1995) exposed
larvae ofChironomus riparius to different concentrations of cadmium over nin@sgxutive
generations and reported increased larval developtime, reduced hatchability of eggs and
sharp decrease in fecundity. Growth rate was sogmifly retarded at concentration of 17
nMCd (1.7 x 10mg/l Cd) of cadmium. Copper and lead have beenrtegoto have
negatively impacted on survival and mortality Ghironomus riparius (Janssens de
Bisthovenet al., 1998). Moulting in chironomids has been used a®rh point to assess
toxicity of metals. Vermeulest al. (2000) recorded a decrease in moulting succesp ¢d u
52 % inChironomus riparius exposed to 100 pgPb/l of lead and 29 % moultingrdation
was observed when exposed to 500 pgHg/l of mercMigregalli and Ollevier (2002)
exposed chironomid larvae to three different cotregions of lé-ethynylestradiol and
reported no effect on the survival Ghironomus riparius. Martinezet al. (2006) used larval
length and larval head width as endpoints in agspdbe toxicity of arsenic. By being
exposed to arsenic, larval growth rate was affedtgdchaving smaller sizes and slower
development rate in contaminated containers thasetin the control experiment. Effects on

survival, development time and growth were examingaen chironomid larvae were
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exposed to uranium and were all shown to be neggtiaffected by an increase in
concentration of uranium (Dias al., 2008).

Interest in molecular assessment of sub-organisporese to stress has grown rapidly. The
advantage of molecular markers is that they prowternal monitors that respond to external
stressors prior to the expression of other morgjiodd responses (Butterworth 1995; Late
al., 2006a). Expression of heat shock protein (HSP) lameimoglobin (Hbs) have been
examined as indicators of cadmium, nonylphenoph®siol-A, 17a-ethynyl estradiol, bis (2-
ethylhexyl) phthalate, endosulfan and paraquatrdiclte induced stress i@hironomus
riparius and Chironomus tentans (Hudson and Ciborowski, 1995; Letal., 2006a). Higher
incidences of active nucleoli in polytenic chromoss have been associated with
chironomid larvae exposure to pesticides (Meregalll., 2002). Michailovaet al. (2006)
studied the genotoxic action of copper on the golgtchromosome @hironomus riparius
exposed to three concentrations, 0.005, 0.01, @5 of aqueous copper. They reported a
significantly higher frequency of functional altgaas, specifically decondensed centromeres
and telomeres and reduction in activity of Balbiangs, in treated materials compared to
control. Changes in antioxidant enzyme activitied Aaemoglobin content i@hironomus
riparius have been employed as biomarkers of physical hgpdyperoxia) and chemical
(potassium dichromate, fenitrothion) stress (Céical., 2000). According to these authors,
hypoxia, hyperoxia and sub-lethal concentrationpatbssium dichromate and fenitrothion
caused an increase in Cu, Zn-superoxide dismu@&®) and Mn-SOD activities and a
simultaneous decrease in glutathione peroxidiseH{B%) activities. They also observed a
parallel increase in haemoglobin concentrationha haemolymph. Acetylcholinesterase
(AChE) and glutathion&stransferase (GST) were used as biomarkers weteronomus
riparius larvae were exposed to four concentrations (0, ®,abhd 50 ng/g) of the
organophosphate insecticide pirimiphos methyl (Eetal., 2002). At 10 ng/g, these authors
noted significant reduction in AChE activity whilBST remained unaffected. Hahn and
Schulz (2002) examined the synthesis of ecdystenoichironomus riparius exposed to the
endocrine disruptor bis (tn-butyltin) oxide (TBTO) and reported sex specifiteets. There
was significant reduction in the synthesis of etelysd in female larvae at all concentrations
(50, 500, 5 000 ng/ I) whereas elevated synthefsexcdysteroid in male larvae at 500 ng/l
was observed. Leet al. (2006b) used expression of proteomic biomarkerd RES
adenosylmethionine decarboxylag@;methyltranferase, phenol hydroxylase, thioesterase,
zinc metalloprotease and aspartase as indicat@adofium toxicity toChironomus riparius.
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Enzyme activities such as the activation of catalsd glutathion&transferase have been
used as biomarkers i€hironomus riparius when exposed to bisphenol A and ethynyl
estradiol (Lee and Choi, 2007). Apart from biocheahimarkers, several researchers have
employed morphological markers (or responses) imoobmids to evaluate the effects
environmental degredations (Lenat, 1993; Vermeul®85; Nazarovat al., 2004; Ochieng

et al., 2008) in aquatic ecosystems.

Morphological responses in chironomids to incrdasevironmental stress and degradation
have been used as early warning signals of envieotah water quality deterioration and

sediment toxicity. Warwick (1988) associated thekdaing of chironomid head capsule

pigmentation and the thickening of body wall cgitd the presence of high concentrations
of pollutants. Several studies have shown highedations between incidences of chironomid
head capsule deformities and levels of pollutioen@t, 1993; Diggins and Stewart, 1998;
Nazarovaet al., 2004; Ochienget al., 2008). Morphological deformities are thought to be
responses to chemical stressors only (Lenat, 1d88pDonaldet al., 2006).

1.3.6 Morphological deformity in Chironomidae

The term “deformity” refers to morphological feagar that depart from the normal
Chironomidae larval configuration (Warwick, 1985a2droveet al., 2004). Effects produced
by mechanical wear, breakage or abrasion are ysnatl included in deformity screening
and are recognised by their “chipped” or “rough’gesl (Vermeulen, 1995; Bird, 1997,
Nazarovaet al., 2004). Because chironomid larvae live in close @ssion with sediments
and often feed on organic detritus and associatggk adeformities in chironomids can be
used as biomonitoring tool for assessing sedimaxitity and environmental water quality
deterioration (Vermeulen, 1995). Morphological deiiies in chironomids represent sub-
lethal effects of exposure to contaminants andcaresidered an early warning indicator of
environmental water quality deterioration causecchgmical contaminants. Assessments of
these deformities offer an effective and cost filgnmeans of assessing impacts of
environmental stressors on aquatic ecosystems @diiret al., 2002). The assumption
behind the use of deformities as a biomonitoringl e that, incidences of deformities in
chironomid communities higher than 8 % of the totaimber of larvae can be taken as an
indicator of environmental contamination (Nazaretal., 2004; Ochiengt al., 2008).
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The earliest reports of deformities in the moutbpand the thickening of the body wall in
chironomids exposed to a wide array of chemicatammants came from the sediments of
Lake Erie and Lake Ontario in Canada (Hamilton &akther, 1971). Paleolimnological
studies by Warwick (1980) estimated the backgrannaience of chironomid deformities to
vary between 0 and 0.8 % from the Bay of Quint&€Canada. However, Warwick 1980’s
estimation was based on fossil materials and imcede of deformities in slightly
contaminated areas which are use as referencarsiiekl studies have been reported to vary
between 0 and 8% above which, site is taken tmbhtaminated (Warwick 1985; Vermeulen,
1995; Nazarovat al., 2004; Ochienget al., 2008). Chironomid deformities were used to
evaluate the impacts of sewage effluent in nortiNowma Scotia, Canada (Mac Donaical .,
2006). In America, interest in the use of deforesitfor the assessment of sediment stress and
environmental water quality has grown rapidly. Ltefi®93) utilized mentum deformities of
Chironomus larvae to evaluate the effects of toxicity andamig loading in North Carolina
streams while Diggins and Stewart (1993) reponteidences of chironomid deformities in
the Buffalo River in New York. The impacts of vai® effluents on the morphology of
chironomid larvae in the Yamaska River have beamaxed by Bird (1994). Diggins and
Stewart (1998) further assessed the impacts of telements in Buffalo River using
chironomid larval deformities. Martinea al. (2002) examined the potential of chironomid
deformities as biological indicators of heavy methtamination in the Coeurd’ Alene River
Idaho in USA, and found them to be important inthcsiof heavy metal contamination.

In New Zealand, Jeyasingham and Ling (2000) utlizdironomid larval deformities to
evaluate the impacts of contaminants and seasofhaémnce on head capsule deformities in
Chironomus zealandicus. Deformities have also been used to assess thactmpf heavy
metals in River Damodar in India (Bhattachargagl., 2005 and 2006). However the subject
has attracted little attention in Africa (JansséesBisthoven and van Speybroeck, 1994;
Ochienget al., 2008). Janssens de Bisthoven and van Speybroe®d)(18ported elevated
levels of chironomid mouth part deformities fromkeaVictoria in Kenya. Ochiengt al.
(2008) utilized mouthpart deformities in Chironommdas indicators of heavy metal pollution
in northern Lake Victoria, Uganda. Despite the hggecies richness of chironomids in
South African water resources (Harrison, 2002)jrtherphological deformities have not

been used to assess environmental water qualitgelsaesulting from human influences.
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Morphological structures examined for deformities

Several structures including the mentum, mandilidella, paraligula, pecten epipheryngis
and antennae in Chironomidae larvae have been egdnior deformities. Saether (1979)
noted the occurrence of aberrant mouthparts, the#ecuticle and darkened head capsule
pigmentation in several chironomid larvae from higapolluted Canadian Lakes. Warwick
(1985) examined deformities in the antennadPadcladius speciesin contaminated rivers
while Serviaet al. (1998) documented loss of segments, displacemesgrefory organs and
abnormal structures of unknown homology in the mmae ofProdiamesa olivacea in the
organically polluted River Sar in Spain. Jeyasimghand Ling (2000) observed antennal
deformity in arsenic and organically polluted Haoml and Ngaroto Lakes in New Zealand.
In chemical and thermally polluted rivers, Janssdm®isthoven and Gerhardt (2003) noted
antennal deformities. Bhattacharyetyal. (2005) reported similar conditions in the antennae
of several chironomid species in the heavy metdlufgal River Damodar in India.
Chironomid antennae have proved to be extremelgitsan to pollution in many of these
studies, but were sensitive only in situationsowef level contamination and beyond this they
cease to respond morphologically to increased at@msiress (Warwick, 1988).

The structures that are frequently used and hapari®d the greatest amount of information
on sediment toxicity and environmental water qyadieterioration are the mouthparts. In
trying to classify North Carolina streams, Lena93) used mentum deformities as a basis
for stream classification. The ligula, mentum, mhble] paraligula and pecten epipheryngis
have been examined by several researchers (Warkg8§; Serviaet al., 2000; Janssens de
Bisthovenet al., 2003; Veroliet al., 2008). The argument in favour of these structusebat
they are easily prepared for examination and aeslable as fossil materials allowing for
assessment of environmental health through timenfile, 1988; Burt, 1998; Jeyesingham
and Ling, 2000).

Causative agents of chironomid deformities

Several environmental contaminants have been mgpats causal agents for deformities
observed in chironomid larvae. Diggins and Stew@fQ98) associated high mouthpart
deformities rate to trace element contaminatiorthe Buffalo River, New York, where

occurrence of deformities increased significantlihvexposure to high trace elements levels.
Jeyasingham and Ling (2000) in their examinatioimmoidences of head capsule deformities
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in Chironomus zealandicus in some water bodies of New Zealand attributed high
incidences of deformities recorded in the pollutéds to different pollutants such as organic
pesticides and arsenic. Martineizal. (2002) in assessing the potential association letwe
menta deformities and trace elements in the Coedllehie River, reported deformity rates
between 3.8 and 10.3% at contaminated sites conhpared.9% recorded at control or
uncontaminated stations. There was a significante@ion between metal concentrations
and deformity rates for all metals including As,, @i, Pb and Zn except Ni. They suggested
that the larvae were able to regulate Ni by exaretln India’s River Damodar, there was
positive correlation between chironomid mouthpagfodmities and the concentration of
copper (Bhattacharyagt al., 2006). Such positive correlations have also bebtained
between copper, zinc and mouthparts deformitiesaike Victoria (Ochienget al., 2008).
Chironomid deformities have been attributed to nigg@ollution (Serviaet al., 1998; 2000;
MacDonaldet al., 2006); heavy metals (Lenat, 1993; Jassen de Bisth@nd Gerhardt,
2003; Nazaroveaet al. 2004; Ochienget al., 2008) and acid mine drainage (Janssens de
Bisthovenet al., 2005).

Several laboratory studies have demonstrated tlendigy inducing capacity of different
compounds. Maddeet al. (1992) induced deformities i@hironomus sp. larvae using DDT
and Dacthal® and a positive correlation betweeremsing DDT concentrations and mentum
deformities was noted but there was no effect offDih antennal deformities. Dacthal®
induced both mentum and antennal deformities, lutclear dose-response curve was
detected. Janssens de Bisthoeeal. (1998) demonstrated the deformity induction capacit
of copper and lead, and reported abnormalitiehénmhientum and mandibles. Vermeu&tn
al. (2000) carried out experiments exposi@hironomus riparius to sediment spiked with
lead, mercury anfl-sitosterol. Significant deformations in the pectérchironomid larvae in
aquaria containing lead and mercury were obseruedi&formation of the mentum was not
significantly higher than those in the control altigh a concentration response relationship in
the mentum of larvae exposed to mercury was obder@hironomus riparius was exposed
to 4-n-nonylphenol and the frequencies of mentufiordaty increased significantly with
increasing concentrations of the compound (Meregatl., 2001). Meregalli and Ollevier
(2001) exposedChironomus riparius to l7a-ethynylestradiol but no adverse effect on
survival and deformities were found. Martingizal. (2003) obtained an inverse relationship
when Chironomus tentans was exposed to three different concentrations aafmgum in
which higher incidences of deformities were obsémethe lower concentration. Arsenic has

19



been reported as a deformity causal age@hinonomus tentans (Martinezet al., 2006). Dias
et al. (2008) also observed an inverse relationship betv@keronomus riparius mouthpart
deformities and four concentrations of uranium ihickh deformities were highest in the

lowest concentration.
Chironomidae deformities. are responses contaminant-specific?

Different types of morphological deformities haveeh reported in both field and laboratory
studies using chironomids for the assessment ofemental water quality deterioration
and sediment toxicity and they may be attributedlifterent contaminant types (Warwick,
1988). In Vermeulen’s 1995 review, it was obsertreat proportional occurrence of different
deformity types shifted somewhat consistently adicgy to the type of prevailing pollution.
For example, in sites contaminated with heavy nysdiition, the Kohn gap deformity has a
high proportion of occurrence compared to sitesuped with organic sewage (Lenat, 1993;
Serviaet al., 2000; Martinezet al., 2002; MacDonalcet al., 2006). It seems that mentum
gaps, or the so-called K6hn gaps, are mostly indllbgeheavy metal contamination and may
have high discriminatory power to indicate the pree of heavy metals (Vermeulen, 1995).
However, there appears to be some degree of ovartfagng different types of deformity
induced by different heavy metals. For examplesdans de Bisthoveet al. (1998) in a
multigenerational experiment, tied split medial man teeth to a combination of copper and
lead exposure. Janssens de Bisthaaeah. (2001) associated split medial mentum teeth and
premandible deformities to cadmium contaminationsdihg and split teeth were the most
frequent deformity type whe@hironomus tentans was exposed to copper (Martineizal.,
2003).

Some studies have shown that increase in contamg@rcentration could induce more
severe deformities. Martinet al. (2003) reported fused teeth, K6hn gaps and midsieth

as the most frequent deformity types in tanks Wittyg'Cd dry weight of cadmium. At a
concentration of 39ugd dry weight of cadmium deformed mandibles, asytrios
menta, missing teeth and fused teeth were repagébe predominant deformity types but at
concentration of 61pgtd dry weight, missing teeth and highly deformechdibles were
reported as the prevalent deformity types. W@himonomus riparius was exposed to arsenic
at three different concentrations, 30, 130 and B68As dry weight, different deformity
types dominated at the different levels of conaimns (Martinezt al., 2006).
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Contaminant or concentration specificity of defdres may prove advantageous for its
analytical capacities, but to a large extent, ihaes a hypothesis because most deformity
types such as split medial mentum teeth, missirgghtefused teeth and asymmetrical
mandibles seemed to be pollutant-nonspecific anve teeen reported with several kinds of
contaminants (Vermeulen, 1995). For example, Jassde Bisthovemrt al. (2005) detected
missing teeth, fused teeth among chironomid pojanatin sites impacted with acid mine
drainage and MacDonald al. (2006) had also reported incidences of missinghteet
organically polluted sites. Fused teeth, extra amedooth, missing teeth have been reported
in chironomid populations exposed to arsenic (Medet al., 2006). It therefore seems that,
to a large extent, deformity types in chironomic/éee are non-contaminant specific.

Chironomidae larval deformities: teratogenic or mutagenic?

“Mutagens” are defined as DNA damaging agents tm@ice gene mutations that can be
passed on from parents to offspring while “terat®jeare agents that alter normal cellular
differentiation or growth processes which resultmalformed foetus but are normally not
passed on from parents to offspring as opposedutaganic changes that are hereditary
(Hughes, 1996). Martineat al. (2003) emphasized the need to determine whetHerrdigy
causal agents are teratogenic or mutagenic beczhisenomids breeding among adults
carrying altered genes would result in geneticalgformed offspring and deformities
observed will be as a result of heredity and nobtsequent of exposure to contaminants in

the environment.

A number of studies have addressed the questiarmether the mode of deformity induction
in chironomid larvae is teratogenic or mutagenica(ik and Kdhn, 1982; Dickman and
Rygiel, 1996; Groenendijkt al., 1998;Martinezet al., 2003;2004). Frank and Kohn (1982)
reported deformity frequency of 40.3% in chironosiidrvae taken from a polluted canal.
However, when these larvae were reared to adulesta clean sediments and the adults
allowed to breed, deformity frequency in their pfiag (larvae) declined to less than 2%.
Similarly, Dickman and Rygiel (1996) observed alithecin deformity rate to the control
level among the offspring of parent population takem polluted sites when these offspring
were reared in clean sediments. Groenengtigd. (1998) reported that mentum gaps in the
offspring population of chironomids taken from antaminated site dropped below rates
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observed in the parent population. Jeyasingham_amg(1997) in control substrates under
laboratory conditions cultured the Bnd E progeny of a parent population that was taken
from arsenic and pesticide polluted sites of Hamiltake and Lake Ngarato and recorded a
decrease in the frequency of deformities amongldheae of the successive and kL
generations.Martinez et al. (2004) reported an incidence of deformity of 14% an
chironomid parent population reared in zinc conteated sediment but the frequency
declined to 1.7 % in the;Fgeneration larvae that were raised in clean satdimdéowever,
they observed no significant difference in defoymitite between a chironomid parent
population raised in lead spiked sediment and prpgeared in clean sediment. The mode of
action of copper in chironomid larval deformitieaswearlier reported as mutagenic (Martinez
et. al., 2003). It therefore seems that while some defgroatisal compounds are teratogenic
others may be mutagenic and the mutagenic oneshanay the tendencies of being carried
throughout the life stages of the population.

Chironomidae larval deformities: indices used in bioindication

With growing interest in the use of chironomid miasfogical deformities for the assessment
and monitoring of environmental water quality deteation and sediment toxicity,
researchers have developed different indices ushmgnomid mouthpart deformities. A
widely used chironomid deformities quantificationdex at the community level is the
proportion of deformed individual or deformity ideince (DI) expressed in percentage
irrespective of the structure although most woik thave used the DI have focused on the
mouth parts. The DI is given as DI = d/n X100%, vehe is the number of deformed larvae
and n the total number of larvae examined (Hamérgic999).

Warwick (1985) developed the first index which waesed on the severity @hironomus
larvae antennal deformities. This index was caifeléx of severity of antennal deformations
(ISAD). The index is expressed as ISAD IMR/n where IMR (index of morphological
response) is the total of deformity class valuesefich larvae} IMR is the sum of the class
value of all deformed larvae examined and n isttital number of larvae examined. The
IMR is determine in six basic steps; the loss afugee segments, reduction in the length of
antenna, displacement or loss of ring organ, fusibrthe apex of the basal segment,
displacement of the accessory organs and presésteictures of unknown homology. Each
of these deformity types are assigned to classevaticording to their apparent severity.

These class values range from 1 to 21. Based atalgeformities ofProcladius, Warwick
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(1991) developed another index called index of sgvef ligula deformations (ISLD). The
ISLD is expressed aSIMR/n (all notations have same meaning as abovgsvalues
range from 1 for the mildest deformity type to & the most severe deformities. Dermott
(1991) developed an index of severity of all defiiea (ISAD) by modifying Warwick’s
1985 index. This index accounts for deformitiesiime different structures and the value of 1
is assigned to all specimens both deformed anddedormed, and additional weight ranging
from 1 to 4 are given for each deformity type adaag to perceived levels of severity.

Lenat (1993) in an attempt to classify streams l®ams of chironomid larval deformities,
designed a scoring system called the toxic scatexi{TSI) which takes into consideration
the severity of deformities in the mentum Ghironomus larvae. Chironomus mentum
deformities were grouped into three classes: dladgyht deformities which were difficult to
distinguished from breakage or abrasion of thehtegtss I, severe and clearly apparent
deformities including extra teeth, missing tee#ngé gaps and distinct asymmetry; class Ill
consisted of larvae with severe deformation, inicigdat least two class Il types of deformity.
The toxic score assigned higher weighting to moggere deformation. The index is
expressed as: Toxic score index (TSI) = No. oflas2(No. of class Il) + 3(No. of class
[I1)/N where N is the total number of larvae exaednlLenat (1993) suggested that TSI = 25
should be taken as threshold value above whichtea sfiould be considered toxically
contaminated and that the frequency of severe detfpr.e. class Il and class Il is generally
greater than 6% at toxic sites. This index was esgfally used to classify North Carolina’s
streams into different categories based on levielsxic contaminations (Lenat, 1993).

Bhattacharyayet al. (2005) developed the sensitivity index of antenobeensitive species
(SISS)nennaddased on a modification of the Warwick (1988) ind€le index uses antennae
of sensitive species for the assessment of enveatah degradation at the family and
subfamily level. The Index is expressed as: (SIeShe =1/N {3 IMRspl +
YIMRsp2...... > IMRspn} where (SISS)ennae= Sensitivity of antennae of sensitive species;
N = total number of chironomid larvae of sensitsgecies; spl- spn are sensitive species.
However, all these indices except the (SkaS)achave received criticism from Hamaldinen
(1999) that they are highly redundant with the Bbwing strong linear relationship?® (&
0.77- 0.99) with the DI and that they might therefaontribute little additional information.
Nevertheless, Lenat's 1993 toxic score index (Ti&I3 gain popularity among researchers
(Serviaet al., 2000; Al-Shamiet al., 2010). Serviaet al. (2000) applied the toxic score
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system to evaluate the impacts of contaminant€mnonomus riparius in river Sar, north
west Spain. These authors have also calculatedi@dcore threshold of 8.7 fétrodiamesa
olivacea corresponding to the 25 f@hironomus spp. Al-Shamet al. (2010) employed the
toxic score index to evaluate the effects of paltiton the severity of mentum deformities in
Chironomus spp. in river Juru, Malaysia. Based on the TSséhauthors evolved a modified
toxic score index (MTSI). The MTSI assigned adaiéibweighting to deformities according
to the position of the teeth in the mentum. Theyoreed that both the TSI and MTSI showed
strong correlations with environmental variables tat the correlation was stronger for the
MTSI. Apart from the toxic score system, the othetices are highly technical and has
therefore inhibited their wide spread applicati®o$enberg and Resh, 1993).

1.4 Rationale and Significance of the Study

Managing environmental water quality is a key congu of integrated water resources
management in South Africa (NWRS, 2004) and theeefequires the development and
application of improved management tools. The appbn of a multimetric approach which
integrates information from different levels of theosystem and also reduces weakness of
individual metrics could provide useful ecologiaafiormation for improved water resources
management in the Swartkops River. In additionpaases of species or genera within a
family, to environmental water quality changes doube useful in biomonitoring
programmes. Assigning water quality tolerance bBmdt the family level could mask
individual species sensitivity and lead to erroreeoanclusions regarding the water quality
status of a site. The family Chironomidae is wptead in South African fresh water bodies
with huge species richness (Harrison, 2002). Desphsiderable studies in other part of the
world (Janssens de Bisthoven and Gerhardt, 2008s®oet al., 2003; Adriaensseret al.,
2004; Janssens de Bisthowml., 2005, Luoto, 2010) that have shown varying sengjtof
species in this family, with some being extremeadpnstive to environmental water quality
changes, their range of sensitivity in relatiomier quality changes in South African water
resources has not been explored. The assessmeaqeoies or genera in this family in
relation to environmental water quality changesSouth African water resources and the
Swartkops River in particular could be useful imgshem as indicator species.

Furthermore, improved management of water resoureggires early warning signals of
environmental water quality deterioration. Morplgtal deformities in chironomids

represent sub-lethal response to environmental rwaedetaminants and are therefore
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considered early warning signals of environmentatew quality deterioration. Although

Chironomidae larval deformities have been succégsaiged in other parts of the world as a
biomonitoring tool, its potential as an indicatdr pmllution stress in South African water
resources has not been explored.

In this study, chironomids were screened for deifoes because of their huge species
richness and varying environmental sensitivity.rGhomids are particularly well suited for
deformity screening because this family of aquatarroinvertebrates contain highly tolerant
species that could occur at “heavily” polluted sit8uch species are needed in order to have
large enough sample size at polluted sites for mgér and robust statistical analyses
which could aid in drawing sound inferences. Iniaoid, the configurations of the structures
screened for deformities have been well documemethironomids (Lenat, 1993; Janssens
de Bisthoven and Gerhardt, 2003; Nazarehal. 2004; Ochiengt al., 2008).

The Swartkops River is an important freshwater ues® in South Africa draining heavily
industrialised and urban areas in the Eastern CHperefore, given the highly industrialised
nature of activities surrounding the Swartkops Ritlee increasing human population within
the catchment and being an important freshwatesystem in South Africa, there is need for
a holistic and improved management approach. Asgessvironmental water quality in the
Swartkops River using information from differenvéds of taxonomic resolution (i.e. family,
genus or species) and organisation (i.e. commupdpulation, organism and sub-organism
levels) would contribute substantially to an impedwvater quality management of the River
and better understanding of the impacts of antlgepm activities on the river’s
macroinvertebrate assemblages. In this study thexefa multi-metric biomonitoring
approach, that included morphometric responsesiodrmomids, was applied at four sites in
the Swartkops River; one relatively clean “refeeeste” and three impacted sites, with a
specific aim and a clear set of objectives.

1.5 Aim and Objectives of the Study

1.5.1 Aim

The aim of this study was to assess anthropogemp@acdts in the Swartkops River using
different macroinvertebrate based biomonitoringrapphes.
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1.5.2 Objectives

i) To provide a river health assessment of the Swps River using the South African
Scoring system version 5 (SASS5) in order to deatexnthe current environmental water

guality status of the Swartkops River.

i) To use selected macroinvertebrate metrics tsess macroinvertebrate responses to
environmental water quality changes in the Swargkgjer with a view to assessing whether
these metrics provide further useful informatioattinay complement SASS5 in biological

water quality assessment of the Swartkops River.

i) To investigate Chironomidae community respande environmental water quality
changes in order to explore the bioindication poaémof the Swartkops River chironomid
assemblages.

iv) To document and illustrate deformities in ldrna different genera or species of

Chironomidae.

v) To compare incidences of deformities among generspecies of Chironomidae as well as
different morphological structures to establishustural sensitivity and sensitivity of
dominant Chironomidae genus or species to the dprednt of deformity.

vi) To evaluate seasonal variations in the incigsnof Chironomidae head capsule
deformities.

vii) To contribute baseline information for usingadd capsule deformity in chironomid larvae
as a biomonitoring tool in South African freshwatesources.

1.6 Thesis Structure

Chapter 1: This is a genenral introduction and literature eevichapter. Water resources
situations are introduced, water resources managiestrategy in South Africa as well as the
different approaches applied in this study areicailiyy reviewed. Rationale, aim and
objectives of the study as well as the thesis tiracare presented.

Chapter 2: A description of the study area, major anthropog@rfluences in the Swartkops

River are presented in this chapter. Measuremenghgéical and chemical water quality
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variables, sampling methods, Chironomidae mountechniques and statistical analyses
employed are described.

Chapter 3. Results for the measured physical and chemicaémauality variables, South
African Scoring System version 5 (SASS5), multineetapproach and Chironomidae
community assessments are presented and criteiatyssed in this chapter.

Chapter 4: Results for morphological deformities in Chironda larvae are presented and
critically discussed in this chapter.

Chapter 5: Results obtained from all the approaches appliedcatically discussed in this
chapter; conclusion and recommendations drawn baseélde findings of this study.
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CHAPTER 2. MATERIALSAND METHODS

2.1 Introduction

The chapter briefly describes the study area amdm&jor anthropogenic influences in the
Swartkops River catchment and provides detailshef dtudy sites. The different methods
employed in the study are explained in detalil, tstgqrwith a description of the protocol

employed for macroinvertebrate sampling and théewrhht biological indices applied to

assess the macroinvertebrate data in the studgiscassed. A description of the method
adopted for mounting head capsules of chironomidsl subsequent screening of
morphological deformities is provided. The chamencludes with a description of methods
used to measure physical and chemical water quadityables and a discussion of statistical
analyses applied for the study.

2.2 Study Area Description

The Swartkops River is located in the Eastern Qdgouth Africa and has its origin in the
Groot Winterhoek Mountains. The river is an impatt&cological asset, supporting an
estuary that provides important breeding habitatswiater birds and fish (Taljaard al.,
1998). But owing to its location, draining sevemdban and industrial areas, and a number of
activities in its catchment, it suffers varying degs of human induced impacts such as
industrial and domestic effluent discharges, impbments, deforestation and agricultural
land use which directly or indirectly contributettee deteriorating water quality of the river
(DWAF, 19964a; 2003). The municipal areas of UitggghaDespatch and Kwanobuhle are all
within the Swartkops River catchment (Binning arair8, 2001). The river arises from the
confluence of two rivers, the Kwazunga River to tieth and the Elands River to the
southwest. These two rivers (i.e. the Kwazunga Blashds Rivers) originate in the Groot
Winterhoek Mountains and join just above Uitenhegean area called Kruisrivier to form the
Swartkops River, which discharges into the Indiee®@cat Algoa Bay in Port Elizabeth
(Figure 2.1) (DWAF, 1996a). The Brak and ChattydRsvare two smaller tributaries that
originate in the plains to the north of Port Elizéband join the Swartkops River after the
confluence of the Elands and Kwazunga. The BrakeRierms a confluence with the
Swartkops River at Uitenhage while the Chatty Rij@ns the Swartkops just before the
Swartkops village after the tidal limit at Persarere and thus has no influence on the
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freshwater component of the Swartkops River (Figure 2.1). The River catchment is about
1555km? (Haigh, 2002) with a mean annual runoff of 84.2 %af (Bateet al., 2004).
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Generally, the climate is warm and temperate withean daily temperature of aboUlCain
July and 27C in January (Nelson Mandela Bay Municipality, 2D0Bhe catchment receives
rain throughout the year but the highest rainfalially occurs in June and October (Haigh,
2002). Pattern of rain fall in the catchment ishhygvariable with at least a minimum
monthly average of 60 mm (Nelson Mandela Bay Mynabtiy, 2006).

Geologically, the Swartkops Basin consists of ampemnpbase of Cretaceous shale and
mudstone, overlain by marine sedimentary deposithe high lying regions and by various
alluvial deposits on the floodplain (Fromme, 1988nderlying the entire basin are table
mountain group quartzite and sandstones and thac@®us System forms an easily erodible
trough consisted of coarse conglomerates interdsbadth sandstone and mudstone of Enon
formation (marine and fluvial origin), greenish-grslate, siltstones and sandstones of
Kirkwood formation (fluvial origin) (DWAF, 1996&8ornman and Klages, 2005).

Soils of the Swartkops River catchment vary but @renainly alluvial derived from the
Uitenhage group (Haigh, 2002). The soil textureststs mainly of fine sand, loam and clay
of consolidated dune sands and lime-rich sandy wlhich are easily erodible (DWAF,
1996a). The soils in the Swartkops River floodplaie deep and are well suited for
agriculture (DWAF, 1996a).

The natural vegetation of the Swartkops River catft is dominated by Bushveld or
Succulent thicket (Kleynhares al., 2005). However, the Swartkpops River catchmentraatu
vegetations have been extensively impacted by tieoachment of exotic or invader
vegetation such a&cacia spp. andceucalyptus spp. (DWAF, 1996a). In the Swartkops River
system, particularly at Uitenhage and Despatchrethe extensive and dense growth of
Phragmites australis, Eichhornia crassipes, or water hyacinth, anlalvinia molesta (DWAF,
1996a). The extensive growth of water hyacinth atfieér invader or exotic vegetations in the
river system can reduce the aesthetic and recresdti@lue and also impact on the aquatic
ecosystem habitats.

2.2.1 Anthropogenic influences on the Swartkops River

Although the upper catchment of the Swartkops Riresr within a pristine inaccessible area
of the Groot Winterhoek Mountains, the lower catehmnis subjected to varying degrees of
pollution. Effluent discharges into the SwartkopseR include effluents from Uitenhage,
Despatch and Kwanobuhle waste water treatment WMRATW) (Taljaardet al., 1998;
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DWAF, 1996a). The Uitenhage and Despatch waste rwagatment works release
approximately 6 822 500 *and 835 000 fhper annum of treated waste water into the river
respectively (DWAF, 1996a). The Brak River receitresited effluent of about 2 847 008 m
per annum from the Kwanobuhle waste water treatmenotrks and discharges it into the
Swartkops River below Uitenhage (DWAF, 1996a). Adiay to Binning (1999), about 50
000 to 100 000 litres of wash water from evaporaponds of the wool processing factory in
Uitenhage seep into the Swartkops River. Althoubl tannery industry at Uitenhage
discharges effluent into evaporation ponds, it &ielved that this effluent could have
profound effects on the water quality of the ridele to seepage (Binning, 1999). In addition,
a number of storm-water canals flow into the Swar&k River from nearby roads and
informal settlements and often carry raw sewageahdr pollutants into the river (DWAF
1996a; Bornman and Klages, 2005). These combinethdiges have substantially
contributed to the high nutrients levels and ovgrabr water quality status of the Swartkops
River. Different agricultural practices have alsgpacted on the river's water quality. About
15 percent of the catchment is subjected to agurall practices including cultivation and
livestock farming and these constitute diffuse searof nutrients due to the application of
fertilizers and animal waste (de Villiers and Thia2007). A recent fish kill, and the
excessive plant growth such as water hyacinthEmteromorpha in the river are indicative
of eutrophication (Taljaardt al., 1998; Ndoni, 2009). Furthermore, high levels oéct
contamination and trace metals have been repontélei Swartkops River (Taljaaet al.,
1998; Binning and Baird, 1999). The elevated lewélgace elements may be linked to run-
off from industries and roads as well as emissiomfburning of fossil fuel and automobiles
in the catchment (Taljaae al., 1998).

There are numerous man-made obstructions alongotnse of the Swartkops River and its
tributaries but the greatest of these is the Gralebdm with a storage capacity of 12 ¥ 10
m® (Fromme 1988; Batet al., 2004). Other obstructions in the form of causewalys exist
along the length of the Swartkops River. The caaseat Nivens Bridge serves as a weir
impeding the natural flow of the river and has teshin the formation of an artificial pool.

As a result of its geology, the Swartkops Rivesustable site for sand and gravel mining.
The mining activities taking place in the Swartképger catchment particularly at Uitenhage
and Despatch could have profound ecological impactsthe physical and biological

processes of the river. Physical impacts of samdngiinclude bed degradation, modification
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of channel morphology, bed coarsening and destnuaif aquatic and riparian habitat (The
Ojos Negros Research Group, 2004; Bornman and K|&§95). Physical habitat disruptions
alter natural biological processes by causing ceartbat favour some species over others
and could cause overall decline in biological dsitgr Mining in the Swartkops River
catchment could also have severe impacts on itsrveptality. Environmental water quality
impacts resulting from mining activities may incéushcreased turbidity due to re-suspension
of sediment, sedimentation due to stockpiling, splills or leakages from excavation
machinery and transportation vehicles and dumpfngrganic waste (Bornman and Klages,
2005). The high vehicle traffic as a result of mgactivities at the Uitenhage and Despatch
reaches of the river may have other negative ingpacthe environment.

2.2.2 Sampling Sites

The study was conducted at four sampling siteeqdit 2, 3 and 4) (Figure 2.1) over a period
of one year. Site 1 (S 335" 08.4” E 28 20" 32.6") is located upstream of Uitenhage and
was chosen to represent least impacted conditioeferénce site) in agreement with
Reynoldsonet al. (1997), Dallas (2000) and based on an expert megée taking into
considerations the availability of macroinvertebrdtabitats, extent of impacts, ease of
accessibility and area that falls within the sameregion with the other sampling sites.
Within the accessible areas in the Swartkops Ritres, site represents the best available
condition in the river. The biotope diversity aetéite could be considered as good, although
gravel, sand and mud (GSM) were not widely represk(Figure 2.2). While looking for an
appropriate reference site (i.e. selection of Ejteit was important to select a site that falls
within the same level Il ecoregion with the othampling sites because of natural variations
in macroinvertebrate assemblages among sites farelit ecoregions (Kleynhare al.,
2005; Dallas and Day, 2007). Within an ecoregidwere are relative similarities in both
biotic and abiotic components of the ecosystem #mngs, macroinvertebrate samples
collected at sites within the same ecoregion shbeldimilar (Kleynhanst al., 2005).

The reference site is located 16.4 kilometres donwam of the Groendal dam (Figure 2.1).
Such an impoundment could impact on the macroiebeate composition of the site. For
example, Bredenhand and Samways (2009) reported pigportions of Ecnomidae,

Hydropsychidae, Hydraenidae and a significant drnogpecies diversity of Ephemeroptera,
Plecoptera and Trichoptera (EPT) taxa at sites dowam of a dam in the Eerste River.
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However, considering the factors mentioned abovele selection of the site, its use as a
reference condition for this study was unavoidable.

Figure 2.2: Site 1, showing the biotopes sampled.

Site 2 (S 3347" 29.0" E 28 24' 26.4") is located in the industrial city of Uitespe. The site

is severely impacted with domestic, agriculturalvage and industrial effluents. The waste
water treatment work near Nivens Bridge is locatlege to the site and livestock farming
and other agricultural practices are evident arotin@here is extensive growth of water

hyacinth and other aquatic weeds at the site. Atjhothere is evidence of habitat

degradation at the site (Figure 2.3), the adequdcgampling biotope diversity may be

considered as generally good.
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Figure 2.3: Site 2 at Uitenhage, showing the biesogampled on the left and the extent of
pollution and habitat degradation on the right.

Site 3 (S 3347 11.8" E 28 27" 58.7) is located further downstream, also withe t
industrial city of Uitenhage. The site is also irofgal with industrial, domestic, sewage and
agricultural effluents and there is extensive gtooftwater hyacinth and other aquatic weeds
(Figure 2.4). The Uitenhage waste water treatmemtkvand an automotive industry are
situated close to this site and there is evideniceischarges to the river. Agricultural
practices around this site include livestock famgramd cultivation of crops. The adequacy of
sampling biotope diversity may be considered a®igdly good although the GSM biotope

were not well represented.
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Figure 2.4: Site 3 at Uitenhage, showing the biesogampled on the left and extensive
growth of aquatic weeds on the right.

Site 4 (S 3347 34.0" E 28 27 58.7") is located at Despatch close to a sand minin
industry. The site is impacted with agriculturalamunicipal runoff as well as by effluents

from the Despatch waste water treatment works. & hase consequently resulted in a thick
growth of aquatic weeds and discoloured water atdite (Figure 2.5). There is a small

culvert at the site resulting in flow modificatioHabitat degradation is also evident in the
vicinity of the site probably due to the sand mgniactivities. The adequacy of sampled
biotope diversity at this site could be considessdyood although GSM, stones in- and out-

of current were not extensively represented.
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Figure 2.5: Site 4 at Despatch, showing the bicdggaenpled on the left and extensive growth

of water hyacinth on the right.

2.3 Macroinvertebrate Sampling

Macroinvertebrate samples were collected seasooadly a period of one year beginning in
late August (spring), late November (summer) 2008;ch (autumn) and July (winter) 2010.
Collection of macroinvertebrates samples was cadedua accordance with the SASS5
protocol (Dickens and Graham, 2002) for the SoufhcaAn Scoring System version 5
(SASS5). The protocol requires the collection ofcromvertebrates from three distinct
biotopes, namely: stones (stones in- and out- ofeat), vegetation (marginal and aquatic
vegetation) and sediment (gravel, sand and mudalter referred to as stones, vegetation
and GSM. Macroinvertebrate sampling was done usiBSS5 net (30 X 30 cm frame with
mesh size 1000 um). Although the SASS5 protocaliireg the collection of one sample
from each biotope, three replicates were taken femoh of the three biotopes (stones,
vegetation and GSM) making it a total of nine saadtom each site per season. This was
done in order to ascertain the representativenesssingle sample, to assess the samples
with selected metrics, diversity indices and tovide for robust statistical analysis of the
selected metrics and diversity indices. Howevety dine first sample collected from each

biotope was used for total site SASS5 computation.
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Collected macroinvertebrates were tipped into aevBIASSS5 tray that was half filled with
river water. Families of macroinvertebrates presesrie identified by the river side, recorded
on a SASSS5 sheet, preserved in 70% ethanol andpwaed to the laboratory for sorting,
abundance counts and to ascertain the accuraggldfidentification. Chironomids from all
sampled biotopes were sorted and identified asafapossible using identification keys
described by Wiederholm (1983), Cranston (1996)Haxdison (2002).

2.4 Biological Indices Applied for Water Quality Assessment

The South African Scoring System version 5 (SAS88) selected macroinvertebrate
metrics and diversity indices were used as biokdgindices in the assessment of water
quality in the Swartkops River. A third index, Igtated Habitat Assessment System (IHAS)
was also used to aid the interpretation of SASS6lt®

2.4.1 South African Scoring System version 5 (SASS5)

South African Scoring System (SASS) is a bioticeidbased on the presence of families of
aguatic macroinvertebrates and their perceiveditsgtysto water quality changes (Chutter,
1998). SASS has undergone several modificationgltieg in the current South African
Scoring System version 5 (SASS5) (Dickens and Gmh&002). In SASSS5,
macroinvertebrate families are awarded scores basdaeir perceived sensitivity from score
1 to 15 in order of their sensitivity to water gtyatleterioration and the results are expressed
both as an index score (SASS5 score) and as avecage per recorded taxa (ASPT value).
The SASSS5 score is calculated by adding the sadrab recorded taxa while ASPT value is
calculated by dividing the total SASS5 score by inenber of recorded taxa (Dickens and
Graham, 2002). Although ASPT value is more consiséad reflects the biological water
quality of a river more accurately than SASS5 sq@riekens and Graham, 2002), SASS5
scores are more reflective of water quality statipolluted rivers (Dickens and Graham,
2002). Because of possible spatial variations ieroiavertebrate assemblages among rivers
in different ecoregions (Kleynhametal., 2005), Dallas (2007a) has developed guidelines that
take into account geographical and longitudinalatams in the interpretations of SASS5
data. Thus each level | ecoregion divided into u@yel lower zones has its own biological
bands for the interpretation of SASS5 data (Dal#¥)7a). The Swartkops River is located
within the Southern eastern coastal belt (lowerez@toregion and the biological bands for
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this region according to Dallas (2007a) were usedtlie interpretations of SASS5 data in
this study.

Table 2.1: Ecological bands for Southern easteastet belt (lower zone) ecoregion Dallas
(2007a)

Range of | Range of
Biological Water quality SASS5 ASPT
Band category name Description scores values

Seriously/ critically| Seriously/ critically

E/F modified modified <62.9 <5

D Poor largely modified 63 - 81.9 51-5.3

C Fair moderately modified 82-99.9 5.4-5.9
largely natural with few

B Good modifications 100 - 148.9 6.0-7.0

A Natural Unmodified 149 - 180 7.1-8

2.4.2 Integrated Habitat Assessment System

Integrated habitat assessment system (IHAS) ini@exiused for the assessment of physical
habitat structure of streams and rivers and its igit® provide information on the quality,
quantity and diversity of habitats available to no@avertebrates (Olligt al., 2006). IHAS
was developed to be used along with SASS in biotoang programmes (McMillan, 1998).
Although the index in itself is not a water quaktysessment index, it provides an assessment
of the adequacy and diversity of habitats for titerpretation of SASS5 results. The IHAS
scoring system is based on 100 points, dividedtintosections: sampling habitat (55 points)
and stream condition (45 points). The sampling thalsiection is further divided into three
sections: stones in- current (SIC) (20 points),etaion (15 points) and other habitats
including GSM, bedrock and algal presence (20 pdinthe stream condition provides
information about the physical characteristics loé stream such as stream depth, width,
velocity, surrounding impacts and water colour.
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IHAS assessment was conducted at each site thratgi® study period by completing the
IHAS form. Because IHAS is completely subjectivepdnding on the assessor’s observation
and expertise, upon completion of the IHAS formdme member of the field trip team, it
was handed over to another member of the teamefdfication to ensure that the assessment
is a true reflection of the site’s habitat conditio

2.4.3 Selected macroinvertebrate metrics and diversity indices

Metrics are measurable units or processes of adiadl system that change in value with the
level of pollution in streams and rivers (Ofenbé@tkl., 2004). Selected metrics and indices
were used to explore macroinvertebrate data tatascevhether additional useful

information on the macroinvertebrate assemblagenaatdr quality can be obtained to
compensate for the extra time and efforts. Althotigne are various metrics, 19 metrics in
four categories, including measures of abundarar@position (or relative abundance),
richness and diversity, were chosen for this s{U@ple 2.2). The selected metrics and
indices are based on taxonomic groupings and aoeiged to be more reliable than metrics
based on other groupings such as functional feegtiogps (Klemnet al., 2002). Functional
feeding group metrics were not included in the gtioeicause the taxonomic resolution was
considered insufficient to reliably and accuratedgign each taxon to a functional feeding
group. Besides, most functional feeding group rogtare highly variable and do not respond
to impacts in a predictable fashion (Karr, 1999tkermore, several authors have cautioned
against their use as indicators of water qualitar(K1999; Klemnet al., 2002; Gabriel&t

al., 2010). Although Palmest al. (1996) were able to show that individual species da
strong relationship with water quality variablésgge authors could not demonstrate a pattern
in functional feeding groups in relation to wateafty in the Buffalo River, South Africa.
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Table 2.2: Selected metrics of macroinvertebratenddnce, community composition,
richness and diversity applied to the macroinvedbdata collected. Metrics are defined
according to Klemnet al. (2002), Camarget al. (2004) and Baptistet al. (2007).

Metrics Definition

Abundance measures

Number of EPT| Absolute number of individuals in EphemeropteracBptera
individuals and Trichoptera taxa

Number of Trichoptera Absolute number of individuals in Trichoptera taxa

individuals

Number of ETOQ Absolute number of individuals in Ephemeroptera,
individuals Trichoptera, Odonata and Coleoptera taxa

Number of Chironomidae Sum of the absolute number of individuals in Chinmdae
+ Oligochaete individuals| and Oligochaete taxa

Number of GastropodaNumber of individuals in Gastropoda

individuals

EPT/Chironomidae ratio Ratio of EPT individualsGbironomidae individuals

Measures of composition (relative abundance)

%EPT Percentage of individuals in EPT taxa redatoventire sample

% Chironomidae + Percentage of individuals in Chironomidae + Oligaete taxa
Oligochaete relative to entire sample

41



Metrics Definition
% Oligochaete + Percentage of total individuals in Oligochaete Hirdidinea
Hirudinea relative to entire sample

% Corixidae

Percentage of individuals in Corixidakative to entire sampl

W

% Trichoptera

Percentage of individuals in Trichoptera taxa redato entire
sample

% ETOC

Percentage of individuals in Ephemeroptera, Trité@pand
Odonata relative to entire sample

Richness measures

ETOC richness

Absolute number of taxa in Ephemeroptera, Trich@pte
Odonata and Coleoptera

Hemiptera +  Dipterg

richness

1 Absolute number of taxa in Hemiptera and Diptera

EPT richness

Absolute number of taxa in EPT

Diversity measures

Simpson diversity index

Weighted towards the abundance of commonest familie
(Ogbeibu, 2005)

Shannon diversity index

Information statistic index which takes accounthaf
contribution of individual taxa to the diversity idhassigning
greater weight to most dominant taxa (Ogbeibu, 2005
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Metrics Definition

Margalef's family richnes Accounts for both number of taxa and individuald &n
index independent of sample size (Ogbeibu, 2005)

Equitability (or evenness)| Measures the relative even distribution of abundafdaxa

within a sample (Clarke and Warwick, 1994)

The selection of metrics was based on their perdoga to discriminate between impaired
and unimpaired sites from several studies (Kleehal., 2002; Vieket al., 2004; Ofenbdclet

al., 2004; Baptisteet al., 2007; Gray and Delaney, 2007) and their varyingsseity to
environmental water quality impairment. The stréngt metrics is their ability to integrate
information from individual, population, communignd ecosystem levels and to reduce
weaknesses of individual single metric (Klenatral, 2002; Vleket al., 2004). According to
Ofenbock et al. (2004) useful metrics should be ecologically retéveéo the biological
assemblage or community under study, and be serffiigi sensitive to stressors to provide a
response that may be discriminated from naturahtian.

Two categories of diversity indices i.e. dominamee information-statistics indices were
employed in this study. Dominance indices are weightowards the abundance of
commonest families e.g. Simpson index while infaliorastatistics indices reflect individual
taxon abundance while they still assign greaterglteto the commonest families e.g.
Shannon index (Clarke and Warwich, 1994; Gray aethiey, 2007).

2.5 Screening Head Capsule Deformitiesin Chironomidae Larvae

In the laboratory, preserved macroinvertebrate s&smwere gently spread on a white tray
and all chironomid larvae sorted, under a hand-meddjnifying glass, using fine forceps.
Sorted chironomids were kept in specimen vials @ioimtg 70% ethanol to prevent the head
capsule from becoming dry as dried and shrunkeml luegsules are difficult to mount
(Dickman and Rygiel, 1996). The head capsules weyented for taxonomic identification
using mouth parts and other structures accordinghéokeys described by Wiederholm
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(1983), Cranston (1996) and Harrison (2002).The nting procedures of Ochieng al.
(2008) were followed but cold potassium hydroxi#&H) was used instead of hot KOH
(Warwick, 1988). The larvae were removed from tl&o7ethanol solution and cleared in
10% cold (w: v) KOH solution for about 15- 20 miaat(Warwick, 1988). Cold KOH as a
clearing agent was found to produce better reshli;md warm KOH. The clearing was
followed by three time’s consecutive dehydratiomg®96% ethanol and finally in absolute
ethanol until the head capsules become clear. itvad were transferred into a solution of
xylene for 10 minutes and the entire larva was th&cted on labelled mounting slides
containing a drop of Canada balsam. Under a disgegticroscope, the head capsule, ventral
side up, was removed from the body segment and plaxed separately on a different
mounting slide with the same label as the corredpgnbody segment. A cover slide was
placed on the slide containing the capsule, pregsatly while carefully applying a rotary
motion to flatten the head capsule in order to sggbe mouth parts (Warwick, 1988). Slides
were left for about five to eight days to air di§pecimens were examined for further
identification and screened for deformities in tAatenna, mentum, ligula, mandible,
prmandible and paraligula under an Olympus compauiadoscope (B X 51) equipped with
an Altra 20 soft imaging system digital camera. Bibken or ambiguous deformities were
considered as normal specimens and only clearbyrotfy types derived from a combination
of Lenat, (1993); Janssens de Bisthoeeml. (1998); Martinezet al. (2002; 2003; 2004);
Bhattacharyagt al. (2005) and Ochieng al. (2008) were identified as deformed specimens.
Separated body segments were mounted separatelwenedused during identification of
specimens. Depending on the specimen and the wteulseing observed, a magnification of
X 10 or X 40 was used and all image analysis amatgshwere taken using the software

analySIS Five soft imaging system.

2.5.1 Morphological features examined

The purpose of this section is to give a brief dpton of the different chironomid
morphological structures that were screened foorda@ties. The mentum is a double walled
sclerotized and usually toothed medioventral platehe head capsule posterior to other
mouth parts (Armitaget al., 1995) (Figure 2.6). The mandible is a paired appgedvhich
operates in an oblique plane between the labruntlandnaxilla in most chironomid genera
and is toothed, with an outer dorsal (apicodorgad}h, apical tooth and variable number of
inner teeth, usually between two to three, althotinghdorsal tooth is absent in some genera
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(Cranston, 1996). In Tanypodinae, the ligula waangred for deformities in place of the
mentum because the mentum is poorly developed ig ghb-family. The ligula is a
conspicuous toothed sclerotised structure locatedhe floor of the mouth of larvae of
Tanypodinae and is flanked laterally by a pairadfthed paraligula (Harrison, 2002). Table
2.3 shows the arrangement of teeth in the mentigula] mandible, paraligula and the
number of antennal segments as well as the posfitime ring organ among the commonest
genera encountered in this study.

Chironomid antennae are often well developed sirectconsisting of three to seven
segments with most genera having five segmentsné@a, 1996). In most genera, the
antenna bears lauterborn organs on the second seghmey are paired compound organs,
consisting of peg sensillum and two series of ttigitiform fan-like sensilla (Harrison,
2002).They are usually located apically and oppotsiteach other (Armitaget al., 1995).
The antenna is usually divided into a basal petastha thinner flagellum consisting of the
antenna segments. In most genera, the lauterbganand the style are both situated on
second segment while the blade and the accessatgdbn the basal segment (Wiederholm,
1983).
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Figure 2.6: Antenna, mentum, ligula, mandible aadajigula of Chironomidae. A: Antenna
of Tanytarsus B: Ligula and paraligula of Tanyp&.Mentum of Chironomus showing
position of teeth (MT is median teeth, RLT and Lare right and left lateral teeth
respectively) D: Mandible of Chironomus. Structuseanned from Wiederholm (1983)
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Table 2.3 Arrangement of teeth in the mentum, gatandible, paraligula and the number of anteeganents as well as the locations of ring

organs among the commonest chironomid genera. Stsaddrom Wielderholm (1983).

Genus No. of median | No. of | No. of | No. of | Apical tooth | Dorsal | No. of teeth | No. of | Position of ring organ in
teeth teeth paired inner teeth | (mandible) | tooth | (Paraligula) | antenna | antenna
(mentum) (ligula) lateral (mandible) segment
teeth
(mentum)
Chironomus 1 trifid N/A 6 3 Yes Yes N/A 5 In proximal 1/2 ofisal
segment
Dicrotendipes 1 laterally | N/A 6 4 Yes Yes N/A 5 in proximal 1/3 of basal
crenate segment
Polypedilum 2 N/A 7 2 Yes Yes N/A 5 In proximal 1/4 of basal
segment
Kiefferulus 1 trifid N/A 6 3 Yes Yes N/A 5 In proximal 1/3 ofr$t
segment
Tanytarsus 1 simple, bifid| N/A 5 2o0r3 Yes Yes N/A 5 In proximal portion fafst
or trifid segment
Tanypus N/A 5 N/A 3 Yes No 5-14 4 In middle of apical 108
basal segment
Ablabesmyia N/A 5 N/A 1 Yes No 1 bifid 4 Middle of basal segmien
Clinotanypus N/A 5-7 N/A 2 Yes No 3-4 4 Base of apical 14i®asal

segment
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Genus No. of median | No. of | No. of | No. of | Apical tooth | Dorsal | No. of teeth | No. of | Position of ring organ in
teeth teeth paired inner teeth | (mandible) | tooth | (Paraligula) | antenna | antenna
(mentum) (ligula) lateral (mandible) segment
teeth
(mentum)
Cricotopus 1 N/A 6, rarely| 3 Yes No N/A 4or5 In basal 1/3 of first segment
S5or 7
Orthocladius 1 N/A Usually 6,| 3 Yes No N/A 6 In basal 1/4 of first segment
sometime
7-9
Cardiocladius 1 N/A 5 4 Yes No N/A 5 In basal 1/4 of first
segment
Paratrichocladius | 1 N/A 6 3 Yes No N/A 5 In basal 1/3 of first segrhen

48



2.6 M easurement of Water Quality Physical and Chemical Variables

Water quality analyses were carried for each mavestebrate sampling event. On site,
dissolved oxygen (DO), electrical conductivity (E@)rbidity, temperature and pH were
measured using Cyberscan DO300, Cyberscan Con3igc®Hellige 966, mercury-in-

glass thermometer and Cyberscan pH 300 metersctesgg.

2.6.1 Collection and preservation of water samplesfor chemical analysis

Water samples used for the analysis of chemicahblkes, except for five days biochemical
oxygen demand (BOd), were collected in 250 ml plastic bottles; wadamples for BOP
were collected in sterilised 500 ml glass bottlsor to each field trip, the sampling bottles
were acid washed according to the Institute fora/Research glassware acid wash protocol.
In addition, bottles used for the collection of erasamples for BOPwere sterilized in an
autoclave set to 120 heated for 15 minutes. Water samples were celliefstcing upstream
of the river as recommended in APHAal. (1971) and the bottles were filled to the neck
allowing no head space and transported to the datgrin an ice-filled cooler box. Samples
were preserved at % in the laboratory for chemical analysis. All chieah analyses were
performed within 24 hours of sample collection.

2.6.2 Analysis of chemical water quality variables

Preserved water samples were taken from the reditigeand allowed to equilibrate to room
temperature before they were processed. Samples amalysed for nitrate-nitrogen (MO
N), nitrite-nitrogen (N@-N), ammonium-nitrogen (NHN), orthophosphate-phosphorus
(PO4-P), five days biochemical oxygen demand (Bdd total inorganic nitrogen. NI
and NOQ-N were analysed according to Velghe and Clae983)Lon a Shimadzu mini 1240
spectrophotometer at 388nm and APHdAal. (1971) method number 354.1 on a Biotek
micro plate reader at 540 nm respectively. Spgo@ot® phosphate and ammonium
concentration test kits catalogue number 1.14848.08nd 1.14752.0001 were used to
analyse for orthophosphate-phosphorus and ammonitiagen according to manufacturer’s
instructions on a Biotek micro-plate reader at 660. Total inorganic nitrogen (TIN)
concentration was obtained by the summation ofitlévidual concentrations of nitrate,
nitrite and ammonium (Palmet al., 2005). BORwas analysed according to APHA (1992).
Analyses were conducted for three replicates fehesample and averaged. This was done
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because average readings were considered morseafatve and also to reduced variability

in the measured results.

For the analysis of phytoplankton chlorophgll200 ml of river water was filtered onto a
Whatman GF/F filter paper and analysed fluoromaligicusing a Turner Design 10 — AU
digital fluorometer according to Arar and Collind907). Analysis of phytoplankton
chlorophyll a was done for three replicates and readings wereraged. For the
determination of periphyton chlorophw] three stones were picked randomly from the river
bed and a flattened surface area scraped usingpes@nd a pre-measured surface measurer
of 6.16 cr. The scraped stone area was rinsed with distilletr onto a beaker and filtered
with a Whatman GF/F filter paper and analysed fiuagtrically with a Turner Design 10 —
AU digital fluorometre according to Arar and Co#i1997).

2.7 Statistical Analysis

The purpose of this section is to present the mffe statistical analyses that were used to
explore water quality variables and the macroirelmdte data in order to make relevant
statistical comparisons among sites and seasoiws. tBranalysing the data in the different
statistics software employed in this study, dataeweaptured in Excel (Microsoft 2007
office) and exported or copied to relevant packages

2.7.1 Box-and-whisker plots

Box-and-whisker plots are graphs that display sumrstatistics such as median, quartiles
and extreme values and permit the visualizatiormetric ranges variation between sites
(Baptistaet al., 2007). The South African Scoring System versid®ASS5), average score
per taxon (ASPT) and the selected metrics (Talitg &bility to discriminate between site 1
(reference site) and downstream sites (i.e. site8 and 4) was assessed using box-and-
whisker plots. Box-and-whisker plot computationsrevelone using Statistica software
package version 9. The degree of overlap of medaamalsthe inter-quartile ranges (IQRS)
between site 1 (reference site) and downstreams sites considered as an indicator of the
discriminatory ability of SASS5, ASPT and metrigslgmm et al., 2002). Two levels of
discrimination among metrics between site 1 (refeeesite) and downstream sites (i.e. sites
2, 3 and 4) were considered satisfactory. The $ess of metrics were those in which there
was no overlap in inter-quartile ranges betweea siaind sites 2, 3 and 4 while the second

sets where those in which there was an overlapanter-quartile ranges but the medians
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were outside of the inter-quartile ranges (Baptsta., 2007). Among the selected metrics,
only those that discriminate site 1 (i.e. referente) from all three downstream sites were
retained for further analysis. To test for metiadslity to detected subtle difference between
sites, the same criteria were used to assess wirattdcs that distinguished site 1 from sites
2, 3 and 4, were able to distinguish between theetdownstream sites (i.e. sites 2, 3 and 4).
Prior to box-and-whisker plot analysis, the ninecromvertebrate replicates representing
different SASS5 biotopes, stones, GSM and vegetafimm each site per season were
pooled to form three SASS5 replicates making ibtaltof 12 replicates for each site in all
seasons. The discriminatory ability test was donespective of seasons. The pooling of
samples was done so that metrics could bear reaan®to SASS.

2.7.2 Kruskal -Wallistest

The Kruskal-Wallis test is a non-parametric unigggistatistics used to compare the means
and/or medians between two or more samples (Ogh20fib). The test was used to further
test whether there were statistical significanfedénces (p < 0.05) among metrics with
satisfactory discriminatory ability in order to ¢owm the visual results of Box-and whisker
plots. Differences in median SASS5 scores, numibbelaxa and average score per taxon
(ASPT) among sampled SASS5 biotopes were alsodtagieng Kruskal-Wallis multiple
comparison. This test was also applied to testiiberences in chironomid diversity indices
between sampling sites. The Kruskal-Wallis test e@sducted using the Statistica software
package version 9.

2.7.3 Analysis of variance

Analysis of variance (ANOVA) is a parametric tesed to compare the means between two
or more samples. ANOVA was used to test the nydlotiyesis that there is no difference in
the means of the water quality variables amongfdabe sampling sites. One-way ANOVA
was used to test whether there were significaérgihces (p < 0.05) between water quality
variables from the four sampling sites. When wajaality variables were significantly
different, Tukey Honestly Significant Different (IB$ test was used to indicate sites that
differed.

The incidence of chironomid deformity expressegesentage was calculated separately for
each genus and structure as the proportion of ahefdrarvae to the total number of larvae

while community incidence of deformity was calcelatfor each structure as the percentage

51



of the number of all deformed larvae irrespectiveggenera to the total larvae sampled for
each site (Janssens de Bisthoven and Gerhardt,; ZDEi3eng et al., 2008). Because
calculation of incidence of deformities was samgilee dependent, prior to its calculation
replicate samples collected were pooled for eaehssi as to have a large enough sample size
for meaningful statistical analysis. Incidencesdeformities were arcsine transformed and
ANOVA was used to compare deformities among s#easons and structures for dominant
chironomid genera. Because chironomid genera varysansitivity in expression of
morphological deformities, site to site compariseas restricted to genera occurring across
two or more sites. This same principle was apple@dseasonal comparison. ANOVA was
conducted using the Statistica software packagsores.

2.7.4 Simple correlation

Pearson correlation was used to correlate SASSescand ASPT values with the
concentrations of water quality variables: nitrateitrogen (N@-N), nitrite — nitrogen (N@

N), ammonium — nitrogen (N&N), orthophosphate — phosphorus (fR), total inorganic
nitrogen (TIN), dissolved oxygen (DO), five daysodhiemical oxygen demand (BOD
chlorophyll a, electrical conductivity (EC), turbidity and temnpture. Pearson correlation
was also used to establish the relationships betwestrics with satisfactory discriminatory
ability and the concentrations of measured watealityuvariables. It was also used to
elucidate the relationship between water qualitg &hironomidae deformities. Prior to
correlation analysis, biological data were log (ktfansformed while environmental data
were normalised after log (x+1) transformation lbptsacting the mean value and dividing
by the standard deviation over all sample for tbBavironmental variable (Clarke and
Warwick, 1994). Normality of environmental variableas performed in order to assign all
variables equal weight irrespective of their saafleneasurement. Log (x+1) transformation
was chosen for the biological data because it ptetvee domination of few abundant species
while still retaining the contributions of both dovant and rare species in the analysis
(Clarke and Warwick, 1994).

2.7.5 Analyssof smilarity (ANOSIM) and similarity percentage (SIMPER) analysis

ANOSIM test is analogous to the classical parametnalysis of variance (ANOVA) and it is
a non-parametric permutation procedure used to ftestsignificant difference of non-
normally distributed data set (Clarke and Warwidl@94). Two-way ANOSIM nested
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procedure was used to test whether there werefisgmt differences (p < 0.05) in
macroinvertebrate abundance and composition amemgled biotopes and seasons within a
site. One-way ANOSIM was used to test whether fgant difference exist between
replicates sampled from the same biotope withiitea ANOSIM to test whether there was
significant difference between replicates samplednfthe same biotopes was conducted at
the site level (n = 12) with replicate numbers agtdr. The analysis could not be conducted
at each site at per biotope per season level (nbe@use of few groups. ANOSIM was also
applied to the chironomid community data set. Itswaed to test whether significant
difference exist between sites in chironomid contmsand abundance during each of the

four sampling seasons.

SIMPER analysis is used to identify taxa respoesibt observed similarity and dissimilarity
between sample groups (Clarke and Warwick, 199is dnalysis was conducted to identify
taxa responsible for the observed similarity osidmlarity between replicates, biotopes, sites
and seasons. ANOSIM and SIMPER analyses were ctediuasing the computer
programme PRIMER 5 version 5.2.9.

2.7.6 Clugter analysis

Cluster analysis is a multivariate method that atmsclassify or group samples or sites
according to their similarity such that samplesgessior replicates of a sample with similar
biological community composition form distinct dlass from those of other sites or samples.
Hierarchical agglomerative clustering was usedrtug sites for each sampling season based
on macroinvertebrate community structure. Hierax@hiagglomerative clustering usually
uses a similarity matrix to fuse samples into gsapd further fuses the groups into larger
clusters, starting with the highest mutual similesi and gradually lowering the similarity
level at which groups are formed and resulting isirggle cluster containing all samples
(Clarke and Warwick, 1994). The results of hieramahclustering are given pictorially in
dendrograms, with the x-axis representing the datl of samples and the y-axis the level of
similarities of samples. Bray-Curtis similarity matwas used because it allows all species,
common or rare, to contribute to the final levelsohilarity whilst still assigning greater
weight to the commonest species (Clarke and WarviigR4).
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2.7.7 Ordination

An ordination is a pictorial representation of séspn the form of a map usually in two or
three dimensions, in which the distances among Esmmppresent the degree of similarities
or dissimilarities of their community structure &Ke and Warwick, 1994). Nearer samples
are often more similar in community structures ttaant samples. The relationships among
sampling sites and seasons based on physical aamiadl water quality variables were
elucidated using correlation principal componenalygsis (PCA). PCA was used for the
ordination of sites and seasons based on watettyguatiables because it is a conceptually
simple method well suited for ordinations of enwimeental variables (Clarke and Warwick,
1994). In addition, correlation PCA was chosen beeat assigns all environmental variables
equal weight irrespective of their scale of measwat so that different scales of
measurement do not impact on the final result$i®@RCA ordinations (Clarke and Warwick,
1994).

2.7.8 Canonical correspondence analysis (CCA)

CCA is a multivariate statistical analysis to eflate the relationships between biological
community and their environment (ter Braak and desthot, 1995). CCA is frequently
used to determine which environmental variable@aré important in structuring the
biological community. In this study, CCA was apgli® elucidate the relationship between
the chironomid community assemblage and the measphgsical and chemical water
quality variables with a view to determining thepiontant variables responsible for the
observed spatial and temporal distribution of theonmomid community. A Monte Carlo
permutation test with 199 random permutations v&esluo determine the environmental axis
that significantly correlated with the biologicahnables. CCA and cluster analysis were
performed using the computer programme Environn@mhmunity Analysis 1.33 package
(ECOM) (Pisces conservation Ltd, 2000).
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CHAPTER 3 RESULTS RESPONSE  OF MACROINVERTEBRATE
COMMUNITIES AS INDICATORS OF ANTHROPOGENIC IMPACTS IN THE
SWARTKOPSRIVER

3.1 Introduction

The chapter begins with the presentation of redoit the measured physical and chemical
water quality variables, analysis of macroinverdédr communities and river health
assessment of the Swartkops River using the SodtitaA scoring system version 5
(SASS5), and later explores the results for theromacertebrate metrics. The diversity and
structure of Chironomidae community in relatioretovironmental water quality changes are
also critically analysed. The chapter concludeshwliscussions of each of the results
presented. The SASS5 results were used to detetheneurrent water quality status of the
Swartkops River while the macroinvertebrate dateeveeibjected to multimetric analysis in
order to explore whether sensitive metrics coulvjgle further ecological information that
may enhance understanding of macroinvertebrateonsgg to impaired water quality. The
diversity and structure of chironomid communitiesrev critically analysed to elucidate the
bioindication potentials of this family of aquatmacroinvertebrates in assessing water
quality deterioration in the Swartkops River.

3.2 Reaults

3.2.1 Physical and chemical water quality variables

Means, standard deviations and ranges of measurgsical and chemical water quality
variables taken at all four sites during the foampling seasons are presented in Table 3.1.
The mean values for dissolved oxygen (DO) weredsglat site 2 and lowest at site 4. The
DO level at site 3 and 4 were below 4 mg/l throughithhe sampling seasons (Table 3.1)
indicating conditions of low oxygen. One-way anaysf variance (ANOVA) and Tukey-
Honestly post hoc Significant Different (HSD) tesinducted on log (x +1) transformed data
revealed that with the exception of sites 1 an@®@, differ significantly between all other
sampling sites (Table 3.1). Temperature and pH raitt show much seasonal variation,
although temperature was consistently higher duisumgmer and autumn seasons and lowest
during winter. Electrical conductivity (EC) was sificantly higher at sites 2, 3 and 4 while
turbidity at site 3 was significantly different ¢ 0.05) from the rest of the sampling sites
(Table 3.1). Five days biochemical oxygen demard@g and ammonium - nitrogen (NH
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N) were significantly higher at sites 3 and 4 atticagh ANOVA reveal that there was
statistically significant difference (p < 0.05) anthophosphate - phosphorus ) among

all four sampling sites, Tukey (HSD) post hoc testild not be conducted to ascertain sites
responsible for the observed differences. Thisesabse PP was detected only during
spring at site 1. Chlorophylla phytoplankton and periphyton concentrations were
significantly higher at sites 2, 3 and 4. Howevirere was no statistically significant
difference in the mean values of chloroplaybhytoplankton concentration among sites 2, 3
and 4 (Table 3.1). Tukey Honestly Post hoc teseakd that chlorophyla periphyton
concentrations at sites 1 and 2 were different femoh other and were also different from
concentrations at sites 3 and 4. However, no stalty significant difference (p > 0.05) was
observed in periphyton concentrations between Sitaad 4 (Table 3.1). Although nitrate-
nitrogen (NQ-N) and nitrite-nitrogen (N&@N) were higher at sites 3 and 4, no statistically
significant difference was observed among all feampling sites. Total inorganic nitrogen
(TIN) was higher at site 3 and 4. The relativelgrhiBOD; and nutrient concentrations
coupled with low DO levels at sites 3 and 4 ardplady indicative of high organic loads.

Generally, the downstream sites, particularly sitesand 4, revealed evidence of
environmental water quality impairment with EC, DBDDs, NH4-N, TIN and chlorophyla
(phytoplankton concentrations) showing statistycadignificant differences (p < 0.05)
between site 1 and downstream sites 3 and 4 (Tah)e However, Tukey HSD analysis
revealed no significant statistical difference betw sites 1 and 2 for the measured water
quality variables except, EC and chloropta/phytoplankton and periphyton (Table 3.1).
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Table 3.1 Means, standard deviations and range$réioket) of measured physical and
chemical water quality variables (n = 4). P valaes shown for only variables that showed
significant differences between sites (differenfppesscript letters per variable indicate
significant differences established using the TukSD test). ! = variable detected only
once,? = variable detected twicd = variable detected only three times.

Variable Sitel Site2 Site3 Site4 p-
value

Dissolved oxygen 6.07 + 1.13|6.99 + 1.84(326 =+ 054|217 =+ 1.8/0.001

(mg/l) (4.73-7.48) |(5.53-9.48) |(2.63-3.89) |(0.9-3.79)

pH 6.61 + 1.177.12 + 1.087.36 + 042727 =+ 0.56
(5.13-7.75) | (5.69 —8.25) | (6.97 —7.9) (6.65 —8.01)

Temperature®C) | 17.88 =+ 4.4417.71 +7.72 20.13 + 4.49 1855 =+ 5.43
(125-22.0) | (9.8—-27.3) |(14.3-252) |(12.2-24.0)

Electrical 32.58 + 4.69|407.5 +84.89| 212.78 +79.9°| 268.5 + 37.& | 0.000

conductivity (28.1 —39.0) | (300—488) | (154.8-331) |(234-322)

(mS/m)

Turbidity (NTU) 8.75 + 7.89|6.15 #1.47|115.63 = 139.2| 9.35 # 11.22| 0.012
(3.68-10.1) | (4.7 —8.0) (10.5 — 320) (2.2 — 26)

BODs (mg/l) 421 + 1.98/8.66 +5.47|14.66 =+ 5.18|13.58 * 6.85|0.012
(2.16 — 6.86) | (4.78 —16.68) | (8.32 — 20.62) | (7.06 —22.94)

Nitrate - nitrogen 0.078+ 0.06|0.922 + 1.3 1.45 + 0.71] 2.2 +2.29

(NO=-N) (mg/l) (0.032 —0.12) | (0.034 —2.93) | (0.408 —1.98) | (0.467 —5.42)

Nitrite - nitrogen| 0.014 + 0.01%| 0.07 + 0.09 0.209 + 0.12 0.088 =+ 0.18

(NO»-N) (mg/l) (0.005- 0.03) | (0.008— 0.205)| (0.045 —0.296) | (0.028 — 0.42)

Ammonium -10.162 +0.1%¥| 0575 +0.81|54 + 224|3.97 =+ 1.99|0.000

nitrogen  (NH-N) | (0.003- 0.338)| (0.066 — 1.79) | (3.86 —8.83) | (1.05 -5.24)

(mg/l)

Total  inorganic| 0.171 + 0.22|1.567 + 2.26|7.2 + 25%|6.34 = 3.62|0.001

nitrogen (TIN)| (0.039 — 0.49) | (0.169 - 4.92) | (5.19 — 10.84) | (1.59 -10.19)

(mg/l)

Orthophosphate  }0.013 1.11 + 056/ 7.46 + 4.057.59 + 1.35 0.001

phosphorus  (P© (0.463-1.5) | (2.17-11.98) | (6.86—9.61)

P) (mg/l)

Chlorophyll a|0.856 + 0.72/3.82 + 288|251 + 0.97(195 + 0.53(0.000

phytoplankton (0.427—1.933)| (1.6 —7.96) | (1.53-3.62) | (1.56—2.74)

(nafl)
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Variable Site1 Site 2 Site3 Site4 p-
value

Chlorophyll | 37.02 + 2.37|308.08 #118.2|421.87 + 92.55| 410.03 * 114.7| 0.028

a periphyton| (20.29— 48.96)| (145.87-428) | (283.64 —476.27)| (244.81 — 489.53)
(ug/end)

Principal Component Analysis (PCA) classified titessinto three distinct groups based on
the measured physical and chemical water qualitiables (Figure 3.1). PCA axis 1 with
Eigen-value 6.007 and axis 2 with Eigen-value 1.88zbunted for 50.061% and 15.701% of
the total variations respectively. PCA thereforgesded that axes 1 and 2 could explain
65.76% of the variation among measured water quadiriables which is an indication of
good ordination. PCA grouped site 1 separatelynfsites 2, 3 and 4 in all the sampling
seasons. Samples from site 2 during spring, sunamgrautumn formed the second distinct
cluster while all samples collected at sites 3 artdgether with winter sample from site 2
formed the third cluster. The separation of the nkstveam sites (i.e sites 2, 3 and 4) from site
1 is an indication of deteriorating water qualityythese sites (Table 3.1), which may be
attributed to organic loads, industrial effluentsl aother anthropogenic activities. Although
site 2 comes out separately from site 1 and sitesd34 except for winter, the poorest water
guality situation at the site was recorded duringter, which is when it clusters with sites 3
and 4.
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Figure 3.1: PCA ordination bi-plots for water qtyalrariables at the four sampling sites in
the Swartkops River for each of the four sampliegsens. Abrreviations: sum = summer, spr

= spring, aut = autumn and wint = winter.

3.2.2 Analysis of macroinvertebrate communitiesin the Swartkops River

Relationships among macroinvertebrate communitespted at the four sampling sites
during the four sampling seasons were elucidatedllster analysis (Figures 3.2, 3.3, 3.4
and 3.5). In spring, macroinvertebrate assemblagesered mostly by sites (Figure 3.2).
Within sites, replicates taken from the same bietowere often more closely related. At a
Bray-Curtis similarity level of at least 40 %, fiehstinct clusters were identified. Replicates
in cluster 1 were all sampled at site 1 while aties sampled at sites 4 and 2 formed clusters
3 and 4 respectively and cluster 5 was largely n@deplicates sampled at site 3 (Figure
3.2).
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Figure 3.2: Bray — Curtis similarity hierarchicélister analysis of macroinvertebrate replicatespdadnduring spring at the four sampling sites
in the Swartkops River. Abbreviation format: sigge represented by numbers before biotopes: (@4 s = site 2, 3 = site 3 and 4 = site 4),

biotopes (S = stones in- and out- of current, Vegarginal and aquatic vegetation and GSM = graaeid and mud) and replicates represented
by numbers placed after biotopes: (1 = replicat2 4 replicate 2 and 3 = replicate 3).
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During the summer survey, macroinvertebrate comtimsnalso clustered mostly by sites and
within sites, replicates sampled from the sameolpies were more closely associated (Figure
3.3). At a Bray-Curtis similarity of at least 40 %gur distinct clusters were observed.
Replicates sampled at site 2 formed cluster 1 wiiicates sampled at sites 1 and 3 formed
clusters 2 and 3 respectively. Cluster 4 was lgrgedde of replicates sampled at site 4.
Replicates such as replicates 1, 2 and 3 of thetagn biotope sampled at site 4 did not
group with other samples (Figure 3.3). Similarlgplicates 2 and 3 of the stones biotope
sampled at site 1 did not form any distinct clustéh other samples (Figure 3.3).
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Figure 3.3: Bray — Curtis similarity hierarchicdélister analysis of macroinvertebrate replicatespadnduring summer at the four sampling
sites in the Swartkops River. Abbreviation fornsates are represented by numbers before biotopesite 1, 2 = site 2, 3 = site 3 and 4 = site
4), biotopes (S = stones in- and out- of curremy ¥ marginal and aquatic vegetation and GSM =ajraand and mud) and replicates are

represented by numbers placed after biotopesiré€plicate 1, 2 = replicate 2 and 3 = replicate 3).
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During autumn, macroinvertebrate communities alsstered mostly by sites and within
sites, replicates sampled from the same biotopes mwere closely linked (Figure 3.4). At a
Bray-Curtis similarity of at least 40 %, five difnt clusters were identified. Clusters 2, 4
and 5 were made of replicates sampled at sites3lafid 2 respectively. Samples in cluster 1
were a mixture of replicates sampled at sites 34pdobably indicating similarity between

macroinvertebrate communities at these sites dwarigmn.

During winter, the pattern of grouping of macroirtebrate assemblages were less distinct
with replicates sampled at sites 3 and 4 clustetonfiprm cluster 2 (Figure 3.5). However,
clusters 1 and 3 were made of replicates sampletest 1 and 2 respectively. Within these
sites (i.e. sites 1 and 2), grouping of replica@spled from the same biotope were also less

distinct.
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Figure 3.4: Bray — Curtis similarity hierarchicdélister analysis of macroinvertebrate replicatespadnduring autumn at the four sampling sites
in the Swartkops River. Abbreviation format: sigge represented by numbers before biotopes: (@4 s = site 2, 3 = site 3 and 4 = site 4),
biotopes (S = stones in- and out- of current, Vegarginal and aquatic vegetation and GSM = graaid and mud) and replicates are
represented by numbers after biotopes: (1 = rdplita2 = replicate 2 and 3 = replicate 3).
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Figure 3.5: Bray — Curtis similarity hierarchicdlister analysis of macroinvertebrate replicatespdathduring winter at the four sampling sites
in the Swartkops River. Abbreviation format: sigge represented by numbers before biotopes: (@4 s = site 2, 3 = site 3 and 4 = site 4),
biotopes (S = stones in- and out- of current, Vegarginal and aquatic vegetation and GSM = graaid and mud) and replicates are
represented by numbers placed after biotopesiré€plicate 1, 2 = replicate 2 and 3 = replicate 3).
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3.2.2.1 Analysis of similarities and differences of macroinvertebrate communities at each
of the four sampling sites

Macroinvertebrates were sampled from three SAS®%opes: stones, vegetation and GSM.
Three replicates were collected from each biotapeagh of the sampling sites during each
sampling season. However, because of insufficiSii®iotope, only two GSM replicates were
collected during spring at site 1, during autumsitg 3 and one each during winter and summer
at site 3. Similarity between replicates samplesnfthe same biotopes and differences between
sampled biotopes and seasons at each of the sgngiies were explored using Analysis of
similarity (ANOSIM) and similarity percentage (SIMR) analysis. Analysis of similarity to
test whether there were significant difference leetv replicates sampled from the same
biotopes was conducted at the site level (n = 1f) meplicate numbers as factor. The analysis
could not be conducted at each site per biotopesgason level (n = 3) because of few groups.
However, at site 1 where only two GSM replicategeneollected during spring, number of
GSM group was 11 while at site 3 it was 6 becaudg two GSM replicates were collected

during autumn and one GSM replicate each duringewiand summer.

At site 1, ANOSIM revealed that macroinvertebragplicates sampled from the same biotopes
were not significantly different (p > 0.05) in tesnof abundance and composition. ANOSIM
pair-wise test indicated that there were significdifferences (p < 0.05) between the three
sampled biotopes (i.e. stones, vegetation and Qraemd and mud, GSM) in terms of

macroinvertebrate abundance and composition (Ta#¢. SIMPER analysis revealed that
similarity between replicates taken from the stbmope was largely due to the presence of
families such as Chironomidae, Simulidae, Baetidae Libellulidae. Among vegetation

replicates, similarity could be attributed to theegence of Chironomidae, Coenagrionidae,
Baetidae and Lymnaeidae. The within GSM similangs largely due to the contributions of the
abundance and composition of families such as @bmodae, Simulidae, Oligochaete, Baetidae
and Hydropsychidae to the similarity matrix. SIMPERalysis showed that the faunal

differences in terms of abundance and compositiiserved between stone and vegetation
biotopes could be ascribed to families such asdbbmidae and Simulidae which were more
abundant on stone biotope, but less abundant irtaBgn biotope. Differences observed

between stone and GSM biotopes could be attribiat€&thironomidae, Simulidae and Baetidae
that dominated the abundance of macroinvertebramepled from stone. The abundance of

families such as Hydropsychidae and Oligochaetieréifitiated GSM from stone. Differences
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between vegetation and GSM biotopes were largedytduhe high abundance of Chironomidae
and Libellulidae in vegetation biotope and beingssleabundant in GSM biotope.
Hydropsychidae, Lymnaeidae and Oligochaete disnated the GSM biotope from vegetation.

Seasonal differences in macroinvertebrate comnasnitiere also observed at site 1 (Table 3.2).
ANOSIM pair-wise test indicated that in terms of am@nvertebrate abundance and
composition, significant difference exist betweerirsg and autumn, summer and autumn,
summer and winter and autumn and winter (Table.33IMPER analysis showed that
differences observed between spring and autumn wastly due to the contributions of
Hydropsychidae, Simulidae, Chironomidae, Lymnagidaeenagrionidae and Baetidae to the
dissimilarity matrix. These families were more atdant in spring than in autumn. Differences
between summer and autumn could be attributed o aundance of families such as
Chironomidae, Lymnaeidae, Oligochaete and Baetidaeng summer, and abundance of
Simulidae during autumn. Differences in macroinebrate composition between summer and
winter were mostly due to the abundance of Lymreidnd Coenagrionidae in summer and
abundance of Simulidae, Chironomidae and Baetida@glwinter survey. The contributions of
Simulidae, Oligochaete, Chironomidae and Baetidabé dissimilarity matrix were responsible
for the observed differences between autumn andewimNo significant difference between

spring and summer, and winter and spring was obderv
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Table 3.2: Analysis of similarities and differendetween biotopes, and seasons sampled at the
four sampling sites in the Swartkops River. Abbagein: S = stones (stones in- and out- of
current), Veg = vegetation (marginal and aquat&M = gravel, sand and mud. Spr = spring,

Sum = summer, Aut = autumn, and Wint = winter.

Sitel
Average Average
dissimilarity | Significantly dissimilarity | Significantly
Biotopes (%) different? Seasons (%) different?
S and Veg 60.96 Yes Sprand Sum  54.43 No
S and GSM 61.75 Yes Sprand Aut  54.56 Yes
Veg and GSM| 68.68 Yes Spr and Wint  48.3 No
Sum and Aut| 59.76 Yes
Sum and
Wint 55.52 Yes
Aut and Wint| 52.45 Yes
Site 2
S and Veg 62.47 Yes Sprand Sum 49.78 No
S and GSM 58.38 Yes Sprand Aut  62.81 Yes
Veg and GSM| 58.66 Yes Spr and Wint  69.03 Yes
Sum and Aut| 48.62 No
Sum and
Wint 74.4 Yes
Aut and Wint| 75.88 Yes
Site 3
S and Veg 50.93 Yes Sprand Sum 53.79 Yes
S and GSM 55.79 Yes Sprand Aut  59.9 Yes
Veg and GSM| 54.12 No Spr and Wint 47 No
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Average Average
dissimilarity | Significantly dissmilarity | Significantly
Biotopes (%) different? Seasons (%) different?
Site 3
Sum and Aut| 48.01 No
Sum and
Wint 39.41 No
Aut and Wint| 52.77 Yes
Site4
S and Veg 74.54 Yes Sprand Sum 63.64 Yes
S and GSM 40.06 No Spr and Aut 60.28 Yes
Veg and GSM| 73.35 Yes Spr and Wint 52.22 Yes
Sum and Aut| 57.9 Yes
Sum and
Wint 67.27 Yes
Aut and Wint| 69.14 Yes

At site 2, ANOSIM analysis to test whether there ravesignificant differences in

macroinvertebrate abundance and composition betweplicates collected from the same
biotopes indicated no significant difference (p 3. ANOSIM pair-wise test revealed

significant differences between biotopes in ternfs noacroinvertebrate abundance and
compositions (Table 3.2). SIMPER analysis indicateat similarities between replicates taken
from the stone biotope were largely due to the dhnoe of family such as Chironomidae,
Oligochaete, Baetidae, Corixidae and Simulidae evhile contributions of Chironomidae,
Oligochaete, Coenagrionidae, Baetidae, Culicidad Bwtiscidae to the similarity matrix

accounted largely for the similarity observed betweeplicates taken from the vegetation
biotope. Faunal similarity between gravel, sand muod (GSM) replicates could be ascribed to
the abundance of families such as ChironomidaeggoOfiaete and Corixidae. Differences in

terms of macroinvertebrate abundance and compodiBtween stones and vegetation could be
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ascribed to families such as Chironomidae and Ebhgsiwvhose abundances were higher on
stones than in vegetation, while abundance of Baefi Oligochaete and Coenagrionidae
discriminated vegetation from stone biotope. Fadiféérences between stones and GSM could
be ascribed to the high abundance of families asiChironomidae, Baetidae, Physidae and
Simulidae in stone biotope as opposed to the almoedaf Corixidae, Oligochaete and
Dytiscidae in the GSM biotope. Significant diffecess in terms of macroinvertebrate abundance
and composition between the vegetation and GSMpést could be attributed to families such
as Baetidae, Chironomidae, Coenagrionidae, PhysiddeCulicidae which were more abundant
in the vegetation biotope than in GSM biotope, tamdilies such as Corixidae and Oligochaete
which were more abundant in the GSM biotope tharegetation.

With regard to seasonal differences, ANOSIM paiseMest indicated significant differences (p
< 0.05) between spring and autumn, spring and wistenmer and autumn, autumn and winter
in terms of macroinvertebrate abundance and compesHowever, ANOSIM pair-wise test
did not reveal significant differences between rgprand summer, summer and autumn (Table
3.2). SIMPER analysis indicated that significanffedences between the spring and autumn
surveys could be ascribed to families such as Hhagsi Simulidae, Oligochaete and
Coenagrionidae which were more abundant in spramn tin autumn, and families such as
Baetidae, Corixidae and Ceratopogonidae that weree rabundant in autumn than in spring.
Significant differences between spring and wintewsys could be attributed to families such as
Chironomidae, Physidae, Simulidae, Oligochaete &wknagrionidae which were more
abundant in spring than in winter, and Culicidagn@panore abundant in winter than in spring.
Differences in terms of macroinvertebrate abundasog composition between summer and
winter were as a result of families such as Chiroidae, Corixidae, Physidae, Baetidae,
Oligochaete and Dytiscidae that were more abunmiasttmmer than in winter. No family had
higher abundance in spring than in summer. The ddnoe and compositional contributions of
Baetidae, Chironomidae, Corixidae, Coenagrionidédigochaete and Culicidae to the
dissimilarity matrix between autumn and winter sys; accounted largely for the observed
significant difference between these two samplegsens.

At site 3, ANOSIM revealed that there were no digant differences (p > 0.05) between
replicates sampled from the same biotope in terfnsmacroinvertebrate abundance and
composition. ANOSIM pair-wise test indicated sigeaht differences between stone and
vegetation biotope, stone and gravel, sand and (@&M) biotopes (Table 3.2). ANOSIM
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indicated that no significant difference existedmen vegetation and GSM biotopes. SIMPER
analysis revealed that similarity between stondigaies was largely due to the abundance
contribution of family Chironomidae to the similgri matrix while similarities between
vegetation replicates and between GSM replicatese was a result of the abundance
contributions of families such as Chironomidae,i€idée and Notonectidae to the respective
similarity matrices. SIMPER analysis indicated thetcroinvertebrate community differences in
terms of abundance and composition that existedvdmst stone and vegetation could be
attributed to families such as Oligochaete and @iumidae which were more abundant on
stone biotope than in vegetation, and families salCulicidae, Notonectidae, Hirudinae and
Belostomatidae that were less abundant on stores ith vegetation biotope. Differences
between stones and GSM were as a result of fansilies as Chironomidae and Oligochaete that
were more abundant on stones than in vegetatiod, families such as Notonectidae and
Culicidae which were more abundant in vegetati@mtbn stones.

With respect to seasons, in terms of macroinveatebassemblages sampled at this site,
ANOSIM pair-wise test revealed that there were ificant differences between spring and
summer, spring and autumn, autumn and winter imgeof macroinvertebrate abundance and
composition. However, ANOSIM pair-wise test did madicate significant difference between
summer and winter, spring and winter, summer andinan in terms of macroinvertebrate
abundance and composition (Table 3.2). SIMPER amahgvealed that significant differences
between spring and summer could be ascribed tostacta as Oligochaete, Culicidae, Hirudinae
being more abundant in spring than in summer, amd tsuch as Chironomidae and
Notonectidae being more abundant in summer thapimg. Significant differences between
spring and autumn were largely due to the abundaangibutions of Oligochaete, Hirudinae,
Chironomidae, Culicidae, Notonectidae and Belosta@aa to the dissimilarity matrix between
these two sampling seasons. Autumn and winteeréiffces could be attributed to families such
as Culicidae, Belostomatidae and Notonectidae wWere more abundant in autumn than in
winter, and families such as Chironomidae, Oligetbaand Hirudinae that were less abundant

in autumn than in winter.

At site 4, ANOSIM showed that replicates samplednirthe same biotopes were not
significantly different (p < 0.05) in terms of maanvertebrate faunal composition. ANOSIM
pair-wise test revealed that with the exceptiostohe and GSM biotopes, all sampled biotopes

(i.e. stone, vegetation and gravel-sand-mud GShY,al sampled seasons (i.e. spring, summer,
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autumn and winter) were significantly different € 0.05) (Table 3.2). SIMPER analysis
revealed that similarity between the stone repmigatvas largely due to the abundance of
Oligochaete and Chironomidae while similarity betwehe vegetation replicates was largely a
result of the abundance of Chironomidae, Hirudinad Culicidae. Similarity between GSM
replicates was also due to the abundance of Olagiehand Chironomidae. SIMPER analysis
revealed that significant faunal differences betwstne and vegetation biotopes in terms of
macroinvertebrate abundance and composition wegelladue to families such as Oligochaete
and Hirudinae on the stone biotope as opposedeadminance of Chironomidae, Culicidae
and Physidae in the vegetation biotope. Signifiddifferences between vegetation and GSM
could be ascribed to the dominance of Chironomidae Culicidae in vegetation and
Oligochaete and Hirudinae that dominated the magesiebrate abundance in GSM.

In terms of seasonal differences, SIMPER analysigated that differences between spring and
summer surveys could be attributed to families sastHirudinae and Physidae which were
more abundant in spring than in summer, and Oligetsh and Chironomidae that were less
abundant in spring than in summer. Spring and aatdifferences were largely due to the
abundance contributions of Hirudinae, Oligochaatd €ulicidae to the dissimilarity matrix

between these two seasons. Differences in termsmaéroinvertebrate abundance and
composition between summer and autumn could b#wted to families such as Oligochaete
and Chironomidae that dominated the abundance ofamertebrate in summer and Culicidae
and Corixidae that dominated the abundance of nma@debrates in autumn. Spring and winter
differences could be ascribed to Oligochaete angiBae which were less abundant in winter
than in spring, and Chironomidae and Hirudinae tlhiate more abundant in winter than in

spring. The summer survey was largely discrimindtedh the winter survey by Oligochaete

abundance while Chironomidae and Hirudinae diffea¢ed the winter and summer surveys.
Differences in macroinvertebrate abundance and ositipn between autumn and winter

surveys were a result of Oligochaete and Culicideat dominated the abundance of
macroinvertebrates in autumn and Chironomidae angiihae that dominated the abundance in

autumn.
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3.2.3 River health assessment of the Swartkops River using the South African Scoring
System version 5 (SASS5) scores, number of taxa and average score per taxon (ASPT)

SASSS5 scores, number of taxa and ASPT values vsmessed at each of the sampling sites
during the four sampling seasons. At site 1, me&ABS5 scores and number of taxa for stone
biotope were slightly higher than those for the atagon, and gravel, sand and mud (GSM)
biotopes (Figure 3.6). Kruskal-Wallis multiple coangon of significant difference test revealed
that median SASS5 scores between stone and GSbt giffnificantly (p < 0.05) (Table 3.3).
However, median SASS5 scores between stone andatiege vegetation and GSM did not
differ significantly (p > 0.05) (Table 3.3). Krudk@&/allis test also indicated that the number of
taxa between stone and GSM, vegetation and GSM statistically different. Number of taxa
did not differ significantly between stone and vagien (Table 3.3). Average score per taxon
(ASPT) value did not differ significantly betweell three sampled biotopes. Total SASS5
score, number of taxa and ASPT values during the $ampling seasons at site 1 are given in
Figures 3.7, 3.8 and 3.9. Total SASS5 score andbeuraf taxa were highest in spring and
lowest in winter while ASPT value was highest imter and lowest in summer. The mean total
SASS55 score (Figure 3.10) at this site revealed tifre overall water quality category was
“‘good” (Table 3.4) while the mean ASPT value (F@g.10) indicated that the overall water
guality category was “fair” (Table 3.4).
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Figure 3.6: Median values for South African Scor8ystem version 5 (SASS5) score (A),
number of taxa (B) and average score per taxon TASP) for each of the three sampled
biotopes at site 1 in the Swartkops River. Abbreéera Stone = (stone in- and out- of current),
Veg = (aquatic and marginal vegetation) and GSMra\el, sand and mud). Small squares
represent median numbers, boxes represent int¢itlguanges (25-7%percentiles) and circles

represent outliers.
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Table 3.3: Kruskal-Wallis multiple comparisons dagrsficant difference in SASS5 scores, number aatand ASPT values between sampled

biotopes at the four sampling sites in the SwartskBjver. Biotopes are: stone (stones in- and oltuarent), Veg (marginal and aquatic

vegetation), GSM (gravel, sand and mud). Yes =ifsigamt difference (p < 0.05) and No = no signifitaifference (p > 0.05)

Sitel Site 2
SASSS5 score Number of Taxa ASPT SASSS score Number of Taxa ASPT
Biotope | Veg GSM Veg GSM Veg GSM | Biotope | Veg GSM Veg GSM Veg GSM
Stone No Yes No Yes No No Stone No No No No No No
Veg No Yes No Veg No No No
Site3 Site4
SASSS score Number of Taxa ASPT SASSS5 score Number of Taxa ASPT
Biotope | Veg GSM Veg GSM Veg GSM | Biotope | Veg GSM Veg GSM Veg GSM
Stone Yes No Yes No Yes No Stone Yes | No Yes No Yes No
Veg Yes Yes Yes Veg Yes Yes No
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Figure 3.7: Total South African Scoring System i@r$ (SASS5) scores at each of the four

sampling sites during the four sampling seasomikarSwartkops River.
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Figure 3.8: Total number of taxa at each of the &ampling sites during the four sampling

seasons in the Swartkops River.
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during the four sampling seasons in the SwartkapsrR
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Figure 3.10: Mean values and standard deviationSdaith African Scoring System version 5
(SASS5) scores (A) and average score per recoasteth {ASPT) (B), at each of the four
sampling sites in the Swartkops RivBmall square = mean and range bars = standard

deviations.

77



Table 3.4: Seasonal and overall water quality aaieg for each of the four sampling sites in theaBkops River based on SASS5 and ASPT

biological bands for the Southern eastern coastallower zone) ecoregion (Dallas, 2007a)

Sitel
Spring Summer Autumn Winter Overall quality
SASSS5 score Good Good Good Good Good
ASPT value Fair Fair Fair Fair Fair
Site 2
SASSS5 score Poor Fair Poor Critically modifiec Poor

ASPT value

Critically modified

Critically modified

Critically modified

Critically modified

Criticallymodified

Site3

SASSS5 score

Critically modified

Critically modified

Critically modified

Critically modified

Criticayt modified

ASPT value

Critically modified

Critically modified

Critically modified

Critically modified

Criticallymodified

Site4

SASSS5 score

Critically modified

Critically modified

Critically modified

Critically modified

Criticallymodified

ASPT value

Critically modified

Critically modified

Critically modified

Critically modified

Criticallymodified
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At site 2, median SASS5 scores and number of taxasdgetation biotope were higher than
those for stone and GSM biotopes (Figure 3.11). él@n, Kruskal-Wallis multiple comparisons
test revealed that SASS5 scores, number of taxaAS®T were not significant different
between the three sampled biotopes (Table 3.3pl BASS5 scores, number of taxa and ASPT
values during the four sampling seasons at thesasi¢é given in Figures 3.7, 3.8 and 3.9. Total
SASSS5 score was highest in summer and lowest dwintgr while total number of taxa was
highest in autumn and lowest in winter. The ASPE Waghest in summer and lowest in winter.
The mean total SASS5 score (Figure 3.13) at thés reivealed that the overall water quality
category was “poor” (Table 3.4) while mean ASPTuealTable 3.14) indicated “critically
modified” overall water quality category (Table 8.4
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Figure 3.11: Median values for South African Scgr8ystem version 5 (SASS5) score (A),
number of taxa (B) and average score per taxon TASP) for each of the three sampled
biotopes at site 2 in the Swartkops River. Abbreéera Stone = (stone in- and out- of current),
Veg = (aquatic and marginal vegetation) and GSMra\el, sand and mud). Small squares
represent median numbers, boxes represent intéitquanges (25-75percentiles), circles

represent outliers and asterisks represent extreme.

At site 3, median SASSS5 score, number of taxa aBBTRAvalue were higher in the vegetation
biotope than in stones and GSM, but lowest in stoi¢ope (Figure 3.12). Kruskal-Wallis

multiple comparison test revealed that SASS5 scarember of taxa and ASPT values for
vegetation biotope differ significantly (p < 0.06pbm stone and GSM biotopes (Table 3.3).
SASSS5 scores, number of taxa and ASPT values betateme and GSM biotopes were not
significantly different (p > 0.05). Total SASS5 seavas highest in spring and lowest in autumn

and summer (Figure 3.7). Total number of taxa wghdst in spring, autumn and summer but
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lowest in winter (Figure 3.8) while total ASPT valwas highest in winter and lowest in
summer and autumn (Figure 3.9). Mean total SAS®%esand ASPT value (Figures 3.13 and
3.10) indicated “critically modified” overall watguality category at this site (Table 3.4).
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Figure 3.12: Median values for South African Scgr8ystem version 5 (SASS5) score (A),
number of taxa (B) and average score per taxon TA8P) for each of the three sampled
biotopes at site 3 in the Swartkops River. Abbreéera Stone = (stone in- and out- of current),
Veg = (aquatic and marginal vegetation) and GSMra\el, sand and mud). Small squares
represent median numbers, boxes represent int¢itlguanges (25-7%percentiles) and circles

represent outliers.

81



At site 4, median SASS5 score, number of taxa aBBTAvalue were all highest in vegetation
biotope (Figure 3.13). Kruskal-Wallis multiple coanson test revealed that SASS5 scores and
number of taxa and ASPT values for vegetation Ipesowere significantly different from stone
and GSM biotopes (Table 3.3). SASS5 scores and euwmbtaxa and ASPT values between
stone and GSM biotopes were not significantly déffe (Table 3.3). Total SASS5 score was
highest during autumn and lowest in spring (Figd® while total number of taxa was highest
in autumn and winter but lowest in spring (Figur8)3ASPT value was highest in summer but
lowest in winter (Figure 3.9). Mean total SASS5recand ASPT value (Figures 3.13 and 3.14)
indicated “critically modified” overall water quaji category at this site (Table 3.4).
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Figure 3.13: Median values for South African Scgr8ystem version 5 (SASS5) score (A),
number of taxa (B) and average score per taxon TA8P), for each of the three sampled
biotopes at site 4 in the Swartkops River. Abbreéera Stone = (stone in- and out- of current),
Veg = (aquatic and marginal vegetation) and GSMra\el, sand and mud). Small squares
represent median numbers, boxes represent intéitquanges (25-75percentiles), circles

represent outliers and asterisks represent extreme.
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3.2.3.1 Discriminatory ability of the South African Scoring System version 5 (SASS5) and

average score per taxon (ASPT)

The ability of SASS5 and ASPT to discriminate dittom downstream sites (i.e. sites 2, 3 and
4) and to distinguish between sites 2, 3 and 4exatored using box-and-whisker plots (Figure
3.14). Details of this statistical method are désad in chapter 2 section 2.7.1 Total SASS5
scores and ASPT values discriminated site 1 fromthihee downstream sites (i.e. sites 2, 3 and
4). Among the downstream sites, SASS5 scores depasite 2 from both sites 3 and 4 but
could not separate sites 3 and 4 from each otheth®other hand, ASPT values separated sites
site 3 from sites 2 and 4 but could not discrimenbétween sites 2 and 4. Thus, both SASS5
scores and ASPT values did not separate all faupbag sites from one another (Figures 3.14).
The SASS5 scores and ASPT values were thereforsideoed very effective in the
discrimination of site 1 from all other sites buait effective in the discrimination between all the

three downstream sites.
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Figure 3.14: Median and quartile values for SouliticAn Scoring System version 5 (SASS5)
scores (A) and average score per taxon (ASPT)i¢BEach of the sampling sites in the
Swartkops River demonstrating discriminatory apidif SASS5 score and ASPT values. Small
squares represent median numbers and boxes repirgsequartile ranges (25-7%ercentiles).
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3.2.3.2 Response of South African Scoring System version 5 (SASS5) scores and average
score per taxon (ASPT) valuesto environmental water quality variables

Pearson correlation of log (x+1) transformed SAS88 ASPT scores were used to correlate
SASS5 scores and ASPT values to log (x + 1) tramsfd environmental water quality
variables. Both SASS5 scores and ASPT values d@gHilsignificantly strong (p < 0.05) positive
correlations with the concentrations of dissolvedigen (Table 3.5). However, there were
significant negative correlations between both ibigtores and the concentrations of nitrate-
nitrogen (NQ-N), nitrite-nitrogen (NQ-N), orthophosphate — phosphorus ¢H®), five days
biochemical oxygen demand (BGD chlorophyll a (periphyton concentrations), electrical
conductivity (EC) and total inorganic nitrogen (1IN 'he significant correlations of both SASS5
scores and ASPT values with the measured waterntyjuariables are indications of the
sensitivity of both indices to changes in the deléevater quality variables.

Table 3.5: Pearson’s correlation coefficient betweater quality variables, the South African
Scoring system version 5 (SASS5) scores and avesegee per taxon (ASPT) value. * =
significant at p < 0.05, ** significant at p < 0.01

Water quality variable SASS5 ASPT
BODs -.812** -.817**
NOs-N -. /55** - 142**
NO,-N -.671** -.671**
NH-N -.849** -.785**
Total inorganic nitrogen -.886** -.836**
PQ,-P -.872*%* -.800**
Periphyton chlorophyk -.693** - 142**
Phytoplankton chlorophylla | -0.367 -0.451
Electrical conductivity -.668** -.7132**
Dissolved oxygen .695** 507*
Turbidity -0.331 -0.467
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3.2.4 Macroinvertebrate metrics

Overall mean values and standard deviations oficsetor macroinvertebrates sampled at the
four sampling sites are presented in Figures 33185, 3.17 and 3.18. Among metrics in the
abundance category, the abundances of Ephemerdfiemaptera-Trichoptera (EPT),
Ephemeroptera-Trichoptera-Odonata-Coleoptera (ETEGE]/ Chironomidae ratio, Trichoptera
and Gastropoda were higher at sites 1 and 2 winiso@midae + Oligochaete abundance were
highest at site 3 (Figure 3.16). The dominancelofddomidae + Oligochaete abundance at site
3 could be as a result of the disappearance oitsenisxa due to pollution.
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Figure 3.15: Overall mean values and standard temgfor each of the metrics in the

abundance category at the four sampling sitesarStliartkops River. Abbreviations: small

squares = means, range bars = standard deviaE®s= Ephemeroptera-Plecoptera-

Trichoptera, ETOC = Ephemeroptera-Trichoptera-Otipmleoptera, Chir + Olig =

Chironomidae + Oligochaete, ETT/Chir = Ephemeraptlecoptera- Trichoptera/

Chironomidae.

Metrics in the composition (relative abundanceggaty also show variations between the four

sampling sites and seasons (Figure 3.16). The bveean values for % EPT, % ETOC, and %

Trichoptera were highest at site 1 while overalamegalues for % Chironomidae + Oligochaete
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were higher at sites 3 and 4 and lowest at sit©verall means for % Corixidae and %

Chironomidae + Hirudinae were highest at sitesdizarespectively.
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Figure 3.16: Overall mean values and standard tengfor each of the metrics in the
composition (relative abundance) category at the $ampling sites in the Swartkops River.
Abbreviations: small squares = means, range batardard deviation, % EPT = %
Ephemeroptera — Plecoptera — Trichoptera, % CRitig-= % Chironomidae + Oligochaete, %
Chir + Hiru = % Chironomidae + Hirudinae, % ETOC&Ephemeroptera — Trichoptera —

Odonata- Coleoptera
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Metrics in the richness category also display vanms between the four sampling sites (Figure
17). Among the four metrics in the richness catggowerall mean value for Hemiptera +

Diptera richness were higher at sites 1 and 2 anedt at site 3, while those for Margalef‘s

family richness index, EPT richness, and ETOC mdsnwere all highest at site 1. The lowest
overall mean values for EPT richness and ETOC eshwere recorded at site 4 while that for
Margalef's family richness index was observed & 3i
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Figure 3.17 Overall mean values and standard dengfor each of the metrics in the richness
category at the four sampling sites in the SwardkRiver. Abbreviations: small squares =
means, range bars = standard deviations, EPT —nigioptera — Plecoptera — Trichoptera,
ETOC = Ephemeroptera — Trichoptera — Odonata -@téza
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Diversity and evenness (equitability) indices albbw the same trends and were all highest at site
1 (Figure 3.18). The overall mean values for Shanfamily diversity index, Simpson family
diversity index and equitability were all highessée 1 and lowest at site 3 (Figure 3.19). These
indices were also all higher at site 2 than at4&it€enerally, the relatively high diversity indsce

at site 1 are probably an indication of good wajeality at this site. The lowest Shannon,
Simpson and equitability (or evenness) indicestat3scould be as a result of high abundance of
Chironomidae +Oligochaete which often dominate dbandance of macroinvertebrate at this

site.
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Figure 3.18: Overall mean values and standard tlemgfor each of the metrics in the diversity
and evenness category at the four sampling sitdgifSwartkops River. Small squares = means
range bars = standard deviations.
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3.2.4.1 Test of discriminatory ability of metrics

The ability of metrics to discriminate site 1 fradawnstream sites (i.e. sites 2, 3 and 4) and to
discriminate between sites 2, 3 and 4 was explasty box-and-whisker plots (Figures 3.19
and 3.20). Details of this statistical method asewksed in chapter 2 section 2.7.1. Out of the 19
metrics evaluated, 10 were considered to havefaetisy discriminatory ability (Figure 3.19).

In other words, based on the criteria previousgcdssed in chapter 2, these metrics separated
site 1 from the downstream sites and they includeh®ptera abundance, % Chironomidae +
Oligochaete, % ETOC, % Trichoptera, EPT richne§E richness, Margalef family richness
index,  Equitability, Shannon and Simpson diversitydices. Conversely, Gastropoda
abundance, EPT abundance, ETOC abundance, EPDhGmidae ratio, % EPT, % Corixidae,
% Oligochaete + Hirudinae, Chironomidae + Oligo¢hasmbundance and Hemiptera + Diptera
richness could not discriminate site 1 from the dsineam sites (i.e. sites 2, 3 and 4) (Figure
3.20). EPT abundance and ETOC abundance for irestancurred in high numbers at both sites
1 and 2 while Hemiptera + Diptera richness werequibbus. Out of the 10 metrics that
separated site 1 from sites 2, 3 and 4, six ofethvesre able to discriminate between sites 2, 3
and 4. That is, six metric separated all the famgling sites from each other and they include
EPT richness, % Chironomidae + Oligochaete, Mafgalamily richness index, Shannon
diversity index, Simpson diversity index and Edqoility. The response of the 10 metrics to
water quality variables were further investigatecekplore their sensitivity to changes in water
quality.
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3.2.4.2 Response of metricsto environmental water quality variables

Response of the selected metrics to differenceswironmental water quality at the four sites
was explored using Pearson’s correlations. Detdiithis analysis are given in chapter 2 section
2.7.4. Pearson’s correlation coefficient betweetriocgeand water quality variables are presented
in Table 3.6. Results revealed that the 10 metsiese sensitive to changes in the measured
water quality variables. With the exception of %ir6homidae + Oligochaete, all metrics were
negatively correlated with increasing concentraioof nitrate-nitrogen (N&N), nitrite-
nitrogen (NQ-N), ammonium-nitrogen (NHN), total inorganic nitrogen (TIN),
orthophosphate-phosphorus (R, chlorophylla (phytoplankton and periphyton), five days
biochemical oxygen demand (B@and electrical conductivity (EC). However, incgea in the
concentrations of these same variables favourahargance of % Chironomidae + Oligochaete.
On the contrary, all 10 metrics except % Chironamid Oligochaete increase with increasing
dissolved oxygen (DO). Pearson’s correlation reactdhat increase in DO correlate negatively
with % Chironomidae + Oligochaete (Table 3.6).
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Table 3.6 Pearson’s correlation coefficients betweater quality variables and mean metric valueSighificant at p < 0.05, ** significant at p
< 0.01. Abbreviations: Peri = periphyton, Phytohytoplankton and Turb = turbidity

Metrics BODs | NO3-N | NO2-N | NH4-N | TIN PO4-P | Peri Phyto | EC DO Turb

Trichoptera abundange-.630** | -.544* | -0.354 | -0.483| -.538* -.615*% -.520% -.6247*.885** | 0.252 | -0.023
%Chiro+Oligocaete .697**| .647** .600* | .870* .855*% .807** |.620* | 0.349 | 0.466 | -.779*F0.405

%Trichoptera -.635* -546* | -0.392 | -.513* | -.565*| -.657*f-.565* | -.640**|-.901** | 0.278 | -0.068
%ETOC -.839%*| - 744** | - 659** | - 905** | -.912** | - 909** | - 595* | -0.218 | -.549* | .809**| -0.367
ETOC richness -.812*F -.718** | -.527* | -.766** | -.805** | -.764** | -.610* | -0.343 | -.608* | .616* -0.444
EPT richness -.843*F -.750** | -.542* | -.797**| -.840** | -.784** | -.687** | -.507* | -.793** | .568* -0.264
Shannon index -.698*F-.674* | -.625** | -.877** | -.853** | -.818** | -.579* | -0.329 | -0.475| .689** -.531
Simpson index -.649*1 -.653** | -.604* | -.853** | -.833** | -.844** | -.698** | -0.425 | -.557* | .712**| -0.471
Margalef -.792%*| - 715** | -.612* | -.895** | -.893** | -.904** | -.734** | -0.369 | -.633**| .756** | -0.448

Equitability -.702** | -.693** | -.637** | -.887** | -.869** | -.841** | -.628** | -0.36 -.513* | .713** | -.503*%
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Out of the 10 metrics, only Ephemeropteran-Plecaptdrichopteran (EPT) richness shows
significant correlation with all water quality vahbles but no significant correlations were
observed between DO, NI, NH,-N and Trichoptera abundance. Similarly, % Tricleoat
was not significantly correlated with DO and NN. The remaining metrics displayed
significant correlations with all water quality valoles except chlorophydl phytoplankton. EPT
richness, Trichoptera abundance, and % Trichoptera the only metrics sensitive to changes
in phytoplankton concentrations. In most caseg,etations of metrics with NN and PQ-P
were stronger than with NEN and NQ-N (Table 3.6). The diversity indices, especially
Shannon index, were very sensitive to changes iemguality variables. Most of the water
quality variables are nutrients and nutrient relatelicators and therefore revealed that the 10
metrics could be suitable for the assessment oiemitenrichment in the Swartkops River.

3.2.5 Temporal and spatial variationsin chironomid abundance and distribution

The relative abundance and distribution of chirormbgpecies recorded at each of the sampling
sites during each of the sampling seasons are miessén Figure 3.21. A total of 26 taxa
representing 3 subfamilies of Chironomidae weremed during the study period (Appendix A,
Table A9). At site 1, the highest numbers of ték8 taxa) were recorded during spring and
were followed by 10 taxa in autumn. During summad svinter sampling seasons, 9 taxa each
were recorded. The observed variations in the nurobeecorded taxa during the sampling
seasons could be attributed to species that diomir throughout the sampling seasons. For
instance, species such Raratrichocladius sp. andCladotanytarsus sp. occurred only in spring
and winter whileNonacladius sp., Parakiefferilla sp., Eukiefferiella sp., Cryptochironomus sp.,
Coelotanypus sp.,Procladius sp., Trissopelopia sp. andClinotanypus sp. occurred only in spring
at site 1 (Figure 3.21). On the other hand, spestieh a<Cricotopus sp.1,Cricotopus trifasciata

gr., Orthocladius sp. andTanytarsus sp., were observed throughout the sampling seaddigs
site. Cricotopus sp. 1 andCricotopus trifasciata gr. were the most dominant species at site 1
during spring, summer and autumn sampling seasehge Tanytarsus sp, was the most
abundant taxon at this site in winter (Figure 3.21)
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Figure 3.21: Percentage relative abundance ofietwnid species recorded during the four
sampling seasons at each of the four sampling isitdk® Swartkops River. (Figure continued on

next page).
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At site 2, contrary to site 1 for which the highestmber of taxa was recorded in spring, the
highest number of taxa (11 taxa) was observed mnser and was closely followed by spring
with 10 taxa (Figure 3.21). Only 2 tax@hironomus sp. 1 andChironomus sp. 2 were recorded

at this site during winter. The site was domindtgdCricotopus sp.1 andCricotopus trifasciata

gr. in spring whileDicrotendipes sp. andlanypus sp. dominated the chironomid composition in
summer.Chironomus sp.1 andChironomus sp.2 were the dominant species in both autumn and
winter. However, some species occurring at thessitd asParatanytarsus sp.,Cladotanytarsus

sp., could be considered as occasional occurrthgrein one or two seasons only with relatively
low abundances (Figure 3.21).

Among the sampling sites, site 3 had the highesinddnce of chironomids but it was
consistently dominated bghironomus sp. 1,Chironomus sp. 2 andChironomus sp. 3. In all
sampling season§hironomus sp. 1 accounted for more than 75 % of the totahdhnce of
chironomid species at this site (Figure 3.21). Mehedess, species such Bgcrotendipes sp.
occurred consistently at the site while species sagCladotanytarsus sp., Cardiocladius sp.
andKiefferulus sp. could be considered rare species at the sitigring in one or two seasons
only with relatively low abundances. Overall, tlite svas dominated by species of the subfamily
Chironominae particularly of the tribe ChironomjRigure 3.22).

Site 4 had the lowest abundance of chironomids llothe sampling sites and the highest

numbers of taxa at this site (9 taxa) were recodigthg spring. During summer and winter, 5

taxa each were recorded and autumn had the lowesbers of taxa (Figure 3.21). Similar to

site 3, site 4 was dominated Byironomus sp.1, whileCricotopus sp.1,Cricotopus trifasciata

gr. Orthocladius sp., Tanytarsus sp. andCladotanytarsus sp. occurred either in one or two

seasons or in very low relative abundances. Ovdfal site was dominated by species of the
subfamily Chironominae with relatively few speci@®m the other subfamilies such as

Orthocladiinae (Figure 3.22).
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3.2.5.1 Analysis of differencesin chironomid abundance and composition between

sampling sites

Overall differences in chironomid abundance and mmsition between the four sampling sites
during the study period were elucidated by analydisimilarity (ANOSIM) and similarity
percentage (SIMPER) analysis and are presentecleT3.7. ANOSIM indicated significant
difference (p < 0.05) between all sampling sitesepx between sites 3 and 4. SIMPER analysis
revealed that significant difference between sltesd 2 could be attributed to species such as
Cricotopus trifasciata gr., Cricotopus sp.1, Tanytarsus sp., Orthocladius sp., Polypedilum sp.

and Ablabesmyia sp., which were less abundant at site 2 thantatlsiand species such as
Tanypus sp.,Chironomus sp.1 andicrotendipes sp., which were more abundant at site 2 than at
site 1. SIMPER analysis also indicated that diffiees between site 1 and sites 3 and 4, were as
a result ofCricotopus trifasciata gr., Cricotopus sp.1, Orthocladius sp. Tanytarsus sp. and
Polypedilum sp., which were absent at site 3 but less aburatasite 4 andChironomus sp. 1

and Chironomus sp. 2 being more abundant at sites 3 and 4 thaiteal. The contributions of
species such d3icrotendipes sp.,Chironomus sp.1,Chironomus sp.2,Kiefferullus sp., Tanypus

sp. andCricotopus trifasciata gr. to the dissimilarity matrix between site 2dagites 3 and 4
accounted for the observed differences betweee thitess.
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Table 3.7: Analysis of differences in chironomicduatlance and composition between the four
sampling sites in the Swartkops River during thelgtperiod. Yes = significantly different at p
< 0.05 and No = not significantly different p > 5.0

Sites Average dissmilarity (%) Significantly different?
1and 2 73.16 Yes

1and 3 93.11 Yes

1and 4 82.96 Yes

2and 3 59.90 Yes

2 and 4 60.89 Yes

3 and 4 45.40 No
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3.2.5.2 Chironomid speciesrichness and diversity indices

Means and standard deviations of chironomid spe@ésess, diversity and equitability at the
four sampling sites are presented in Figure 3.28ne@lly, diversity indices (Shannon and
Simpson), richness index (Margalef) and equitabiere highest at site 1 and lowest at site 3.
These indices were higher at site 2 than at sit&rdskall-Wallis multiple comparisons test

revealed that equitability, Shannon and Simpsorrdity indices between site 1 and 3 were
significantly different (p < 0.05), while Margalsf'species richness index differ significantly
between site 1 and sites 3 and 4.
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3.2.5.3 Chironomid communities and water quality relationships

Canonical correspondence analysis (CCA) ordingpioh revealed strong relationship between
chironomid communities and measured physical aminadal water quality variables (Figure
3.24). According to the CCA plot, five days biocheah oxygen demand (BQJp turbidity,
electrical conductivity (EC), dissolved oxygen (D@)thophosphate-phosphorus ®) and
total inorganic nitrogen (TIN) were the most im@mt variables that impacted on the
community structures. However, BQDPO;-P and EC were found to exhibit the highest
influence on chironomid community at sites 2, 3 dndarticularly sites 3 and 4. The CCA
ordination plot revealed that DO was positivelyretated with most of the chironomid taxa at
site 1 (Figure 3.24). Temperature, N, NOs-N, NH;-N and chlorophyll (phytoplankton and
periphyton) were removed from the ordination beeahsy exhibited high multi-colinearity {R

= 0.8) with EC, DO, P®P, TIN and BOI3 The CCA ordination plot for the whole chironomid
data set associated the downstream sites (i.8.it8 and 4) with chironomid taxa that seemed
to be more pollution tolerant and consisted mosttythe tribe Chironomini, particularly
Chironomus sp.1,Chironomus sp.2,Chironomus sp.3 andicrotendipes sp. These species were
positively correlated with high BODPQ,-P and TIN while species such sscrochironomus
sp. was negatively correlated with EC on both dxesd 2. On the other hanthnypus sp. and
Kiefferulus sp. were greatly influenced by both EC and DO.sAki of the ordination plot
revealed that increased DO was positively corrdlatiéth Cladotanytarsus sp. while increased
EC negatively correlated withanypus sp. andKiefferullus sp. (Figure 3.24). In addition, DO
correlate positively with less tolerant specieslbifonomids particularly those associated with
site 1 and the spring sample of site 2. These epeas shown by axis 1 of the ordination plot,
were abundant in oxygen rich sites but their pamriabecame reduced as the oxygen level was
depleted.
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ST1 =site 1, ST2 = site 2, ST3 = site 3, ST4 e 4itSeasons: spr = spring, sum = summer, auttmmaiand wint = winter. Species code: Cri
sp =Cricotopus sp.1, Cri tr =Cricotopus trifasciata gr., Para #Paratrichocladius sp., Nano #Nanocladius sp., Dicro =Dicrotendipes sp., Euk =
Eukiefferella sp., Abla =Ablabesmyia sp., Kief =Kiefferulus sp., Car Cardiocladius sp., Tany =Tanytarsus sp., Poly Polypedilum sp., Parak
= Parakiefferella sp., Clad =Cladotanytarsus sp., Chir sp1 £hironomus sp.1, Chir sp2 €hironomus sp.2, Chir sp3 €hironomus sp. 3, Orth

= Orthocladius sp., Micro =Microchironomus sp.
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The relative magnitude of Eigen values for eaclihef CCA axis is an indication of the

relative importance of the axis. CCA axis 1 accedrfor 42.43% of total variance of the data
set and in total the first three axes of the oritimaaccounted for 61.01% (Table 3.8) of the
variance suggesting high correlation between conimuiata and water quality variables.

The statistical significance of the model was wsising Monte Carlo permutation test and
Eigen value for axis 1 was found to be significpt < 0.05) (Table 3.6). Pearson’s
correlation between species and water quality bsadisplayed strong positive correlation
for all three axes (Table 3.8).

Table 3.8: Properties of the Canonical Correlafioalysis ordination tri-plot

Canonical properties Axis
1 2 3

Canonical Eigen value 0.631 0.190 0.087
% variance explained 42.43 12.76 5.825
% Cumulative variance explained 42.43 55.18 61.01
Monte Carlo test p — value 0.01 0.178 0.604
Pearson correlation of species and environmer@&92 0.946 0.946
Scores
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3.3 Discussion

3.3.1 Physical and chemical water quality variables

The physical and chemical water quality variablesvigle a clear distinction between site 1
and sites 2, 3 and 4. The high organic loadingiaddstrial effluent discharges at sites 3 and
4 were evident in the level of five days biocherhaweygen demand (BO4), nitrite-nitrogen
(NO2-N), nitrate-nitrogen (N@N), ammonium-nitrogen (NHN), total inorganic nitrogen
(TIN), orthophosphate-phosphorus (P#®), electrical conductivity (EC) and dissolved
oxygen (DO). Effluents from the Uitenhage and Dédpavaste water treatment works
(WWTW) are likely the main contributors of the obssd high organic loading at sites 3 and
4. The low DO and the relatively high B@Dvas evident in the obnoxious odour that
characterised sites 3 and 4 throughout the sampi@rgpds. This could be as a result of
anaerobic decomposition of organic matter resuliinthe production of harmful gases such
as methane and hydrogen sulphide (Dallas and D@@4;2Nyenjeet al., 2010). These
harmful gases could cause the death of sessileomaertebrates and eventual depletion of
their populations. This probably contributed to tbéserved poor macroinvertebrate
composition that characterised the downstream paescularly sites 3 and 4. Of particular
interest is the increase in B@Mom 4.78 mg/l in autumn to 16.68 mglin winter at site 2
(Table 1). Cattle dung, rarely seen at this sitas wommon during winter and probably
contributed to this unexpected increas8®Ds

The nutrient levels recorded in this study atdbgnstream sites, particularly at sites 3 and
4, are in the range capable of causing mesotragidceutrophic conditions when compared
to the South African water quality guidelines (DWAE96b; Dallas and Day, 2004). The
eutrophic condition of the Swartkops River is ewidé the large scale blooms of water
hyacinth, macrophytes, phytoplankton, periphytod e obnoxious odour that is apparent
at the downstream sites (i.e. sites 2, 3 and 4ya#t speculated that the recent fish Kill in the
Swartkops River was probably a result of its eutiopconditions (Ndoni, 2009). The
relatively high nutrient levels could be attributedsewage discharges from the Uitenhage
and Despatch waste water treatment works (WWTW)weal as run-off from informal
settlements. Sources of nutrients in the Swartliper have been discussed extensively in
chapter 2. In addition, previous studies such asABW1996a) and de Villiers and Thiart
(2007) have also reported relatively high nutridevels from the Swartkops River,
corroborating the findings in this study.
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The relatively high electrical conductivity (EC) sites 2, 3 and 4 would probably have
resulted from discharges of waste water treatmemksv(WWTW) and automotive industry
in the vicinity of these sites. In addition, thel d the Swartkops River catchment being of
marine origin could result in naturally high EC éés. According to DWAF (1996a), the main
cause of high EC, apart from anthropogenic sourcethe Swartkops River is the river’'s
natural geology. Macroinvertebrates are particyladnsitive to changes in EC (Dallas and
Day, 2004) and this could contribute to disappeagarf sensitive taxa from sites 2, 3 and 4.

3.3.2 Macroinvertebrates community structure and replicate samples

Macroinvertebrates are known to exhibit varyingreéegof sensitivity to environmental water
quality deterioration (Bonadet al., 2006; Arimoro and Muller, 2010; Fouche and Vlok,
2010). Thus, their presence is considered a redlectf the water quality status and aquatic
health of the environment in which they live. Faistance, when families of aquatic
macroinvertebrates perceived to be sensitive temguality deterioration are found at a site,
it is assumed that such site is of good qualityeast from environmental water quality point
of view. In this study, macroinvertebrate replicasamples taken from sites 3 and 4 were
often closely associated, while site 1 and 2 wernetcdistinct although site 2 was closely
linked to site 4 during spring survey. The distivehess of site 1 is due to the presence of
macroinvertebrate families such as Baetidae 2sprtiore than two species of Baetiadae) and
Hydropsychidae 2sp (more than two species of Hygjrolpdae) (Appendix A, Tables Al
and A2). These taxa are indicative of largely uramgd water quality status. The close
association observed between macroinvertebrate cwoitigs at sites 3 and 4 during most of
the sampling seasons could be attributed to theepoe of families of macroinvertebrate
such as Simulidae, Oligochaete and Chironomidae d¢haracterised samples from these
sites. These families are highly tolerant and cothidve in polluted environment. Of
particular interest is the high abundance of chluroids and Oligochaete at sites 3 and 4
respectively (Appendix A, Tables A5 - A8). Chironidsiand Oligochaete are regarded as
highly tolerant families among aquatic macroinveré¢es because of their ability to survive
in oxygen depleted environments (Fouche and VId@K{,02. This characteristic could have
contributed to their dominance at the two siteshwiigh organic loads. In addition, most
chironomids feed on fine particulate organic matparticularly algae, and their increase may
be related to increase in periphyton and phytoptamkesulting from high nutrients levels.
Furthermore, Dickens and Graham (1998) and Arinf@699) have noted that chironomids
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are opportunistic and possess the ability to thimvareas of low competition. Apart from
poor oxygen levels at these sites, the relativégh iEC recorded throughout the sampling
seasons would have also contributed to the pooraimertebrate assemblages recorded. As
noted by Dallas and Day (2004), EC is one of thestnimportant chemical variables that
could profoundly impact on macroinvertebrate comitystructure.

Generally, results of this study revealed thatdipéerans, coleopterans and hemipterans were
the most ubiquitous groups of macroinvertebrateoudihout the sampling seasons
(Appendix A, Tables A1 — A8). They were recordedaihthe sampling sites. Most families
within these orders such as Dytiscidae, Elmidaerimdigdae, Belostomatidae, Corixidae,
Gerridae and Notonectidae are air breathers arglaitmicapable of replenishing their oxygen
supply directly from the atmosphere and are theeeftess affected by depleted oxygen
levels in water. This is probably the most plausiexplanation for their continuous presence

in the downstream sites.

At the four sampling sites, seasonal differencesmiacroinvertebrate composition and
abundance were noted (Table 3.2). Observed seasiffexiences could be attributed to
changes in abiotic factors such as food availgbihiydraulic conditions, biotope availability,
temperature and biotic factors such as life hisjpagameters (Dallas, 2004). During winter
for example, fewer families of macroinvertebratesewecorded at three of the four sampling
sites (Figure 3.8). This could be as a result ofaase rains resulting in increase flow thereby
impacting on the availability of biotopes. This wasre pronounced for the stones in- and
out- of current biotope. During winter most of te®nes out- of current were submerged
thereby reducing the number of macroinvertebratesntered on the stone biotope during
this season. Dallas (2004) had also noted thaati@mi in discharge was more pronounce for
the SIC/ SOOC (i.e. stone in- current / stone ofiturrent) biotope. Also, differences in life
history parameters such as insect reproductiveenattand emergence time could also

influence seasonal variability in terms of macrartebrate abundance and compositions.

Furthermore, SASS5 protocol stipulates the coliectif one macroinvertebrates sample per
biotope. Replicate macroinvertebrate samples wesessed to ascertain whether a single
sample taken from a particular biotope in a sita particular time as stipulated by SASS5 is
a reasonable reflection of macroinvertebrates caitipa of that biotope at the time of

sampling. Analysis of similarity (ANOSIM) did nondicate significant differences between
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replicates taken from the same biotope at a sheréffore, the results in this study support
the collection of one sample from each biotope.

3.3.3 South African Scoring System version 5 and sampled biotopes

The results of the present study revealed that thiehexception of vegetation and GSM
biotopes at site 3, stone and GSM biotopes at4sitthere were significant differences in
macroinvertebrate composition between the thregaihbiotopes at the four sampled sites
(Table 3.2). These differences are expected becatisatural variations in hydraulics,
substrate, thermal conditions and other ecologat®racteristics that exist among the
different sampled biotopes (Dallas, 2007b). MeB&8S5 scores, number of taxa and ASPT
values were higher in the stone and vegetatioropesd at sites 1 and 2 (Figures 3.6 and
3.11). This is because these two biotopes supparted sensitive taxa such as Baetidae 2sp
at these sites and were more widely available.h&sé two sites, lowest median SASS5
score, number of taxa and ASPT value were recofalethe GSM biotope. These findings
are in agreement with those of Dallas (2007b) whted that GSM biotope appeared to
contribute very little to the overall SASS scoreairsite and even argued that this biotope

could be ignore in bioassessment.

Although Dallas (2007b) reported highest median S&Scores, number of taxa and ASPT
values for stone biotope in some reference sité&vars in Western Cape and Mpumalanga,
highest median SASS5 scores, number of taxa andT AZffues were recorded in the
vegetation biotope at sites 3 and 4. This is bexangre taxa were recorded in vegetation
biotopes than on stones and GSM at these sitesultl be that macroinvertebrates at these
sites use vegetation as “refuge” or ‘shield’ frdma high level of pollution that characterised
the sites. At all the sampling sites, the lowesSSA score, number of taxa and ASPT value
were recorded for the GSM biotope. The insuffici@®M biotope particularly at site 3
contributed to the generally low scores recordedtli@ biotope at the site. The reduced
availability of GSM at site 3 could be attributex tegetation encroachment, thus reducing
in-stream habitat availability. This was the masason why three GSM replicates could not
be collected at this site during autumn, winter awmmer. Generally, the observed
differences in macroinvertebrate compositions, SAS8ores, number of taxa and ASPT
values among the different biotopes, emphasisedinipgrtance of sampling all SASS5
biotopes in biomonitoring of rivers using the Sowlfrican Scoring system version 5
(SASS5).
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In terms of total sites scores, SASS5, number xd &nd average score per taxon (ASPT)
were all highest at site 1 (Figures 3.7, 3.8 a®j. SASS5 scores and number of taxa were
highest during spring sampling season at site 1thisdcould be a reflection of improved
habitat diversity and general stream conditionsefiected by Integrated Habitat Assessment
System (IHAS) score during this sampling seasothiatsite (appendix A, Figure Al). The
overall SASS5 score revealed that the water quatéyus at site 1 could be considered as
“good” while the ASPT value placed the site in tfer” water quality category. Although
ASPT values are more consistent and should retleet water quality of a site more
accurately than SASS score, Chutter (1998), Dickeem$ Graham (2002) suggested that
SASS scores are more reflective of environmentaémguality status of polluted rivers than
ASPT values. Consequently, several researchers asi@ickens and Graham (1998) have
adopted SASS scores as the basis of interpretmgvéter quality status of polluted rivers.
However, the absence of highly sensitive familiedhes site is probably a reflection of
impacts resulting from low flow and / or habitateaation. The site is located some distance
downstream of the Groendal Dam from which watetrabson takes place and this would
have resulted in lowered flows which could impanttbe macroinvertebrates at this site.
Evidence of habitat alteration is probably not uneerted to heavy vehicles passing across a
small culvert situated close to the site.

The low SASS5 and ASPT scores at site 2 is probabsflection of the relatively impaired
water quality at this site. The site is situatddva kilometres downstream from a waste water
treatment works discharge. The discharges fromwiaiste water treatment work (WWTW)
have negative effects on the environmental wataltitguat the site. In addition, rubbish from
informal settlement upstream of this site couldoatgve contributed to the poor SASS5
scores and ASPT values. However, the presencarilida such as Baetidae associated with
aguatic vegetation at this site is probably indieabf natural filtering processes taking place
among the vegetation biotope as the impacted wiates through them. Nevertheless, the
most noticeable change at this site is the sigamticeduction in SASS5 score, ASPT value
and number of taxa during winter, which also cqroggl to increased nutrients, electrical
conductivity (EC), five days biochemical oxygen dgam (BOLR), decrease in dissolved
oxygen (DO) and low IHAS score, indicating high ang loads and habitat alterations at this
site (Figures 3.7 to 3.9 Appendix A, Tables A3 —A4gure Al). The poor water quality
status at the site during winter is probably manth@pogenic rather than a natural change
due to seasonality. This is evident in the amodiiattle dung found at the site when winter
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samples were collected and the presence of an @us&dour, which suggested anaerobic
decomposition of organic matter. This could propabave contributed to the observed
organic enrichment and thus the overall poor watdity status.

At site 3, SASS5 and ASPT scores were generally koav throughout the sampling seasons
(Figures 3.7 to 3.9). Consequently, both scoresaled that the water quality at this site is
“critically modified”. This is not unexpected becauof the range of impacts the site receives,
which include discharges from the Uitenhage wasttewtreatment works, automotive
industries, livestock farming and run-off from infoal settlements as well as reduced habitat
availability due to vegetation encroachment. Thiemg the sampling seasons, cattle dung
was seen all over the site and this could have edsiributed to the observed critically
modified water quality status.

At site 4, SASS5 and ASPT scores were also verytlmwughout the sampling seasons.
Thus, both SASS5 and ASPT scores revealed thatr wataity at this site is “critically
modified”. This is also not unexpected becauseisdtirges from the Despatch waste water
treatment works and run-off from informal settletsewhich have negatively impacted on
the water quality at this site. A water resouragsational assessment of the Swartkops River
by DWAF (1996a) placed all sites within the Uiteghaand Despatch areas as critically or
seriously modified. The present findings are ineagnent with DWAF (1996a) and revealed
that these sites are still critically modified.

3.3.4 Macroinvertebrates metrics

An understanding of how deterioration in environta¢rwater quality affects different
aspects of macroinvertebrate communities is crunidheir use as indicators of health of
river ecosystems. For example, the present stuBated that deterioration in water quality
did not impact greatly on metrics in the abundawcegegory, whereas metrics in the
compositions (or relative abundance), richness dirsity categories were severely
affected. The results of this study suggest thatrmultimetric approach in which detailed
attention is paid to different aspects of macroitelarate communities (i.e. abundance,
composition, richness and diversity) could helgxploring how each population or groups
of populations, different aspects of macroinveréds such as diversity and richness are
affected by changes in water quality. For exampte&hoptera abundance was significantly
negatively correlated with the concentrations oftpplankton whereas no such correlation
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was observed for N&N concentrations. Similarly, EPT richness was siicgmtly correlated
with all measured water quality variables. Evidemfesuch interactions or correlations
between water quality and specific metrics, in wahdifferent metrics display varying levels
of correlation with measured water quality varigbleould easily be masked when these
metrics are aggregated to form a simple biotic xnddso, as revealed by the discriminatory
ability test, the presence or absence of macroiebeate taxa is not enough to determine
whether their occurrence is a reflection of theewajuality status of a site. By subjecting
their occurrences to multimetric analysis, it wasgble to determine the extent to which
occurrences could reflect the status of a site.r@llyeghe results suggest that the 10 metrics
which proved to be sensitive in this study couldused alongside SASS5 and ASPT in
detailed assessment of environmental water quaditgrioration in the Swartkops River.

Furthermore, out of the 10 metrics that proved isgasin this study, only Trichoptera
abundance, % Trichoptera and EPT richness exhibgghificant correlations with
phytoplankton concentrations. While this is suggesbf the relative sensitivity of these
metrics to changes in phytoplankton concentratitradso provides for the weakness of those
metrics unable to demonstrate significant correteti with phytoplankton concentrations.
The high nutrient levels in the Swartkops River énded to high primary productivity
including the growth of phytoplankton which has aeely impacted on the aesthetic value
of the River. Low EPT richness, Trichoptera and ficfoptera could be good indicators of
increased phytoplankton concentration. Furthermampong the 10 metrics, only EPT
richness was negatively correlated with all watealifly variables except dissolved oxygen
(Table 3.6). EPT richness displaying strong negatorrelations with organic pollution is
not unexpected because the families within the BRIErs are regarded as very sensitive to
water quality impairment and loss of taxa withimstgroup indicates perturbation (Viek

al., 2004). EPT richness is commonly used in watelitguassessment worldwide (Vledt

al., 2004; Baptisteet al., 2007; Arimoro and lkomi, 2009). The findings inisthstudy in
which EPT richness exhibited sensitivity to watemrliy impairment are consistent with
those of Camarget al. (2004) who reported that EPT richness were ambagnetrics that
exhibited strongest negative correlations with ieatrenrichment in impounded fluvial river

ecosystems.

Among metrics in the abundance -category, only Tjtera abundance enabled

discrimination of site 1 from sites 2, 3 and 4. Thehopterans are known to be indicators of
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relatively clean waters and their presence atlsigindicative of good environmental water
quality. The inability of EPT, ETOC abundances &T/ Chironomidae ratio to allow
discrimination of site 1 from sites 2, 3 and 4 hably due to the high abundances of
Baetidae and Coleopterans at site 2. In additiamilies in the order Plecoptera are mostly
temperate water invertebrates and very few speaiesknown to exist in South African
waters (de Mooet al., 2003). Thus, throughout the sampling seasonsa isotgle individual

in this order was caught. Consequently, the m&HRad in this study refers to individuals in
Ephemeroptera-Trichoptera. The afore-mentioned oreasprobably explain why EPT
abundance, ETOC abundance and EPT/ Chironomidae a@ild not distinguish between
site 1 and downstream sites 2, 3 and 4.

The general assumption behind the use of richnesdslaversity indices is that these indices
decrease with increase in pollution level. In thespnt study, both Margalef's family
richness index, Shannon and Simpson diversity @glaiscriminated site 1 from sites 2, 3
and 4 and also exhibited strong correlations withirenmental water quality variables. The
ability of these indices to discriminate site 1 ahd downstream sites could be attributed to
the fact that site 1 supported more macroinvertebicuna probably favoured by relatively
good water quality. These indices were lowesttat 3iwhich is indicative of the poor water
qguality which has greatly impacted on macroinvedebassemblage at this site. The findings
in this study are consistent with those of Camasigal. (2004) who reported that Simpson
diversity was among the indices that exhibited rejrmegative correlations with nutrient
values. Ofenbockt al. (2004) had also reported that the Margalef's indexld be suitable
for the assessment of the impacts of organic pofiut channel modification and
impoundments. Nevertheless, it is important to mloét Simpson diversity index in this study
slightly distinguished site 1 from site 2. This Ip&ps, is probably due to the property of this
index which tends to be skewed towards the aburdah¢he commonest family and thus
strongly affected by the most abundant family (Qiglne2005).

Equitability (or evenness) is an ecological conaepich measures the relative abundances of
the various families in a sample and it increasesha abundances of families are more
evenly distributed in a sample such that maximumntehility is obtained when all families
abundance are relatively evenly distributed withisample (Ogbeibu, 2005). The assumption
behind this concept is that, the abundances ofiepan a sample from an undisturbed

environment are often relatively evenly distributeédn those from a disturbed or impacted
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environment where opportunistic and tolerant taxaild account for greater proportion of
species abundance (Ogbeibu, 2005). In the dowmstséas (i.e. sites 2, 3 and 4) particularly
at sites 3 and 4, the abundance of families waseattéoward the most pollution tolerant taxa
such as Chironomidae, Oligochaete and HirudinaausTlequitability was found to be
reduced at these sites. Consequently, equitalibty found to discriminate all the sampling
sites from one another and was also strongly cgeélwith environmental water quality
variables. The relatively high equitability at sitesuggests that samples at this site were not
dominated by the abundance of few families and ¢bisld be an indication of good water
quality.

Generally, the strong correlations of all 10 sewvesimetrics with nutrient levels probably
suggest that these metrics could be good indicatbnsutrient enrichment. Specifically,
increased % Chironomidae + Oligochaete seemed todmod indicator of depleted oxygen
and increased nutrient levels. Conversely, incree&deT richness, % ETOC, % Trichoptera,
Trichoptera abundance, diversity and equitabiliégrmed to indicate good water quality.
Although electrical conductivity (EC) at the dowrstm sites of the Swartkops River is
naturally high (DWAF, 1996a), waste water and indak effluents discharges also
contributed to the observed high EC. The strongatieg correlations of Trichoptera
abundance, % Trichoptera, EPT richness and Mardaleily richness index with EC
probably seemed to suggest that these four metao&l be used as general indicators of
industrial effluent discharges in the SwartkopseRivAlso, equitability displayed strong
correlations with most of the measured water quaktriables. The concept of equitability is
important for inclusion in a multimetric approadr fvater resources management because it
helps to elucidate the consequences of pollutioichvimay lead to the dominance of tolerant
and opportunistic taxa in a sample as observeldeatidwnstream sites particularly at sites 3
and 4.

3.3.5 Chironomid communities and diversity

The family Chironomidae include both sensitive aolgérant species (Mousaet al., 2003;
Wright and Burgin, 2009). Consequently, in the présstudy, there were increasing species
richness and diversity of chironomids with decregsievels of pollution and therefore
suggest that chironomid species richness and diesrsould be used as indicators of water
guality changes. The impact of organic pollutiontle& reduction of both chironomid species
diversity and richness in this study are consisteitit the findings of Wright and Burgin
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(2009) who reported similar trends. The subfamilyir@hominae was richer in species and
shows a clear distinction between species of thi@e tlfanytarsini and Chironomini in
sensitivity to pollution. Species of tribe Tanyiarsvere particularly vulnerable to pollution
and were completely absent at site 3 (Figure 3'22.results are in agreement with those of
Clementet al. (1992) and Mousawt al. (2003) who reported more of tribe Tanytarsini in
clean waters. The high abundanceChironomus spp. in the heavily polluted sites 3 and 4
was expected because of their ability to toleratggen depletion and they have been
reported in several studies at polluted sites @ahssenst al., 2004; Janssens de Bisthoven
et al., 2005; Ochienget al., 2008; Simido-Ferreirat al., 2009). The high abundance of the
genusChironomus at the polluted sites is probably due to its apiia use haemoglobin for
oxygen transportation and individuals within thisngs are therefore able to survive in
oxygen depleted environment (Adriaensseires., 2004).

The numbers of species of subfamily Tanypodinaesvighest at site 1 and onlanypus
sp.andAblabesmyia sp. occurred at site 2. Most species of Tanyp@diwere reported to be
sensitive to water quality changes (Ochiehgl., 2008) which is also reflected in the present
study. AlthoughProcladius sp. is known to have varying degree of tolerancedter quality
changes, it was found only at site 1 with an insiggnt contribution to the total abundance
(Figure 3.21). It could be that other ecologicahditions that were not measured in the
present study were responsible for their rare seoge. Among the four sampled sites, sites
3 and 4 were the most polluted mostly dominatedChyonomus spp. The presence of
species such asricotopus sp. 1,Cricotopus trifasciata gr., Tanypus sp., Orthocladius sp.,
Kiefferullus sp. andDicrotendipes sp at site 2 which were completely absent at3saad rare

at site 4 seemed to suggest that the water qualisite 2 is less impacted than at sites 3 and
4. Also, the higher chironomid species richness @iudrsity at site 2 than at sites 3 and 4
equally suggest less impact at this site thanes 8 and 4.

In general, the downstream sites contained 6 tdéak@ compared to the 25 taxa at site 1
(Appendix A, Table A9). Site 1 was characterised thg subfamilies Orthocladiinae,
Tanypodinae and tribes Tanytarsini and Chironortsnbfamily Chironominae) while sites
2, 3 and 4 were characterised by the subfamily @@féldiinae and tribe Chironomini (Figure
3.22). Chironomus spp, Dirotendipes sp, Kiefferulus sp. and Tanypus sp. seemed to be
tolerant to pollution, occurring in high abundanae the downstream sites. In contrast,

Polypedilum sp, Tanytarsus sp., Orthocladius sp., Cricotopus sp.], Cricotopus trifascciata
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gr., and Ablabesmyia sp. appeared to be more sensitive taxa, being less oomah the

downstream sites. Results of this study therefaggest that the family Chironomidae,
identified to species or genus, can be use to sssegronmental water quality status in
freshwater ecosystems because of their varying ede@f sensitivity to changes in

environmental water quality.

Ordination techniques, such as CCA, are multivariatatistics used to elucidate the
relationships between biological community and rthenvironment (ter Braak and
Verdonschot, 1995). Axis 1 of the CCA ordinatiorowsis good correlation between species
and environment scores (Table 3.8). It also rede#iat species sensitive taxa were more
positively correlated with high DO level while ngints and EC were the main factors
responsible for the observed structure in downstreites. Nutrient concentrations and
electrical conductivity were also reported as themdefining factors responsible for the
distribution of chironomids in Flanders, Belgiumdi#aenssenst al., 2004). However, the
present study further revealed that all six wateality variables are important in interpreting
the results of the CCA ordination and species sZhironomus spp. andDicrotendipes sp.
appeared to be good indicators of water enricheth wutrients and organic matter.
Adriaenssenst al. (2004) reported similar pattern of occurrence fase species from some
nutrient enriched running waters in Flanders, Betgiln general, chironomid communities
in the Swartkops River appeared to be good indisatbwater quality changes consisting of
species with varying degree of sensitivity to wapeality deterioration.

With regard to the sampling seasons, diversity @etthess were highest during spring and
summer and lowest in winter. It has been repottat most chironomid taxa enter the resting
stage during winter and could result in the coitatof fewer species (Rossaro, 1991). Thus,
some authors (e.g. Adriaenssehsl., 2004) restricted the collection of their chirondmio
summer only. This probably explains the observaddoversity and richness during winter.

In this study, chironomids were identified to tlesvest possible taxonomic resolution based
on available keys. The more refined taxonomic regm of chironomids provided useful
ecological information especially of the bioindicait potential of the family Chironomidae
which could help in elucidating the need for these in water resources management. The
species level identification also helps to separatefour sampling sites in terms of
chironomid abundance and composition that was ragsiple at the family level of

taxonomic resolution. However, there exist somécatikies particularly in identifying them
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beyond the family level. Therefore, applicatiorspkcies or genus levels identifications may
not be suitable for routine rapid biomonitoring grammes but could form part of detail
ecological assessments of water resources. Suelledeassessments will require making
South African chironomid species level keys avadalraining of personnel and cost
effective planning.

3.4 Conclusion

The deteriorating environmental water quality statfithe Swartkops River has impacted on
the macroinvertebrate assemblages particularly hat downstream sites. This is not
unexpected because of the ranges of impacts tliesaeaceive which include industrial and
sewage effluent discharges, run-off from informettlsment and agricultural activities such
as livestock farming. Although anthropogenic intgaand water quality situation of the
Swartkops River have been previously documentedi mtommendations made for
remediation (DWAF 1996a; Taljaart al., 1998), SASS5 results in this study revealed that
the downstream impacted sites are critically medifivhich suggest lack of implementation
of action plans contained in previous studiasaddition, site 1 which was used as reference
site in this study was placed in the good watelityugategory by overall SASS5 score while
overall ASPT value revealed that water qualityred site is fair. This is a cause for concern.
Site 1 (reference site) is nonetheless not inatsinal state and also suffers mild impacts as
revealed by SASS5 scores.

Most types of biomonitoring tools could easily disgnate unpolluted from polluted sites.
But sites with slightly different levels of pollotis with small differences in
macroinvertebrate compositions and abundances wumaildetter highlighted when metrics
and indices with powerful discriminatory abilityeaemployed. In the present study, sites 2, 3
and 4 are all polluted but with slight differendasmacroinvertebrate compositions. Out of
the 10 sensitive metrics, Simpson index, ShanndaxnMargalef's family richness index,
Equitability, % Chironomidae + Oligochaete and Efthness discriminated these three
sites from one another (Figure 3.19). This infolioratregarding which aspects of
macroinvertebrate community could discriminate ¢hestes with slight differences in
macroinvertebrate compositions would be maskedhabé metrics were aggregated into a
single score. The 10 metrics proved sensitive ia $skudy and, together with SASS5 and
ASPT could be suitable for the assessment of mitearichment in the Swartkops River.
Furthermore increased % Chironomidae + Oligochaetamed to be a good indicator of
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environments with depleted oxygen levels while éased Trichoptera abundance, %
Trichoptera, EPT richness and Margalef's familyhness seemed to be indicators of good
water quality in the Swartkops River.

The present study emphasised the importance ofiespéavel identification in biological
water quality assessment because within a fampgcies are differentially sensitive to
pollution. This is reflected in the differencesween the chironomid assemblages at the four
sampling sites in which some species were completietent at some of the sampled sites
which suggest differences in water quality at theises, particularly differences observed
between the three downstream sites. Also, if sgelggel data were not available, it is
possible to erroneously conclude that chironomrgsadl tolerant of organic and other forms
of pollution when in fact, some species within tisigsecies-rich family are sensitive to
pollution (Wright and Burgin, 2009; Luoto, 2010This study therefore provides evidence of
the bioindication potentials of the family Chironioiee and when identified to species or
genus, can be used to assess environmental wadbtygiatus in the Swartkops River and
probably in South African freshwater ecosystemshadlgh chironomid genus and species
levels taxonomic resolutions have potential forirmacation, their identification to such
taxonomic resolutions (genus or species) is vangitonsuming and may therefore not be
suitable for rapid bio-assessment programmes. Nwless, it seems that the different
subfamilies and tribes within this family responiffedtently to water quality changes and
would therefore have different tolerant limits tmllption. Consequently it might be
reasonable to argue that the score2ajiven to the family Chironomidae may not best
represent the sensitivity of sub-families and simeathin this family. Since sub-family level
chironomid identification is relatively easier toarty out than genus and species
identifications, the sensitivity of sub-families water quality impairment should be assessed
extensively in order to split the family Chironora@ into sub-families and these assigned
different scores in SASS.
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CHAPTER 4: RESULTS: DEFORMITIES IN CHIRONOMIDAE LARVAE AS
INDICATORS OF ANTHROPOGENIC IMPACTSIN THE SWARTKOPSRIVER

4.1 Introduction

The chapter begins with a presentation of reswtsldrval deformities in Chironomidae
communities, patterns of mentum, ligula, mandibled aantennal deformities. Possible
differences in susceptibility of selected chirondrspecies collected from the same sites and
structures within a species to deformities are agal. The chapter concludes with an
exploration of deformities and water quality redaships as well as a discussion of the
results presented.

4.2 Results

4.2.1 Screening Chironomidae communities for larval morphological defor mities

A total of 4 838 larvae, representing 26 taxa (Ampe A, Table A9), from the four sampling
sites during the four sampling seasons were scdefamedeformities in the mentum, ligula,
mandible, premandible, paraligula and antenna. Agndime structures examined, the
premandible and paraligula did not displayed defoesithroughout the study period and are
thus not presented. Community incidences of det@mivere calculated for each structure
as the percentage of the number of all deformedhdarirrespective of genus or species, to
the total number of larvae sampled for each site ggason. Therefore incidences of
deformities are expressed in percentages. ResaMsaled that community incidences of
mentum deformity were consistently highest at Sitehroughout the sampling seasons
(Figure 4.1). The community incidences of menturfodwrity were consistently higher than
8% at sites 2, 3 and 4, indicating possible comation of the Swartkops River. Analysis of
variance (ANOVA) conducted on arcsine transformeatadrevealed that the mean
community incidence of mentum deformity was sigmafitly higher (p < 0.05) at site 3.
Although there were seasonal fluctuations in tlegdences of mentum deformities, ANOVA
did not reveal statistically significant differersc@ > 0.05) between seasons across sites.
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Figure 4.1: Percentage Chironomidae community exceés of mentum, antenna and mandible deformitieach of the four sampling sites in
the Swartkops River during the four sampling season
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The community incidences (%) of mandible deforrsit@e also presented in Figure 4.1.
Results revealed that community incidences of nidedieformities were generally higher at
sites 3 and 4. Although there were both spatial t@mdporal variations in the percentage
community incidences of mandible deformities, ANO¥Anducted on arcsine transformed
data did not reveal statistically significant difaces (p > 0.05) among sites and seasons. In
addition, only the community incidence of mandibdkformity at site 4 during autumn was
higher than 8% (Figure 4.1), which seemed to sugtesneed to determine the background
levels of deformity for mandible, above which asibuld be considered contaminated when

screening mandible for deformities.

The community incidences of antennal deformities also presented in Figure 4.1. The
highest community incidence of antennal deformitgswecorded at site 3 during spring.
However, community incidences of antennal defoesitt site 1 were generally higher than
sites 2 and 4 (Figure 4.1) except during autumrere/mo antennal deformity was observed
at site 1. The community incidences of antennabwheities at all sampling sites were
consistently below 8 %, suggesting the need fod#termination of background incidence of
antennal deformity. Besides, although there weratiap and seasonal fluctuations in
community incidences of antennal deformities, ANO¥@nducted on arcsine transformed
data did not revealed significant statistical diéfeces (p > 0.05) among sites and seasons.
Generally results revealed that with the exceptibthe antenna, community incidences of
mentum and mandible deformities increased fromistiethe three sites (i.e. sites 2, 3 and 4)
downstream of industrial and waste water effluehseharge points and were consistently
highest in the mentum (Figure 4.1).

4.2.2 Spatial and temporal patterns of mentum and ligula deformitiesin Chironomidae

larvae

The patterns of mentum and ligula deformities amdominant chironomid taxa at the four
sampling sites during the four sampling seasonpaasented in Figure 4.2 and illustrated in
Appendix B, Figure B1l. Detailed descriptions of tharious types of deformities are
provided in Appendix B, Tables B9 — B12. At sitenlissing teeth and fused teeth were the
commonest types of deformities during the four dargseasons (Figure 4.2). Although split
teeth were observed among chironomid taxa at ttasthey were less common throughout
the sampling seasons than other deformities.
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At site 2 during spring, fused teeth, Kbhn gaps angking teeth were the commonest types
of deformities while missing teeth was the most ohamt type of deformity observed among
chironomid taxa during summer and autumn. Howeweautumn, multiple deformities (i.e.

a single larvae showing more than one type of deifgrin the mentum) were observed.
During winter, only fused teeth were recorded & #ite and although deformity types such
as extra teeth, asymmetry and split teeth wererebden other sampling seasons, they were
less frequent (Figure 4.2).

At site 3 chironomid taxa were characterised by iKghp, asymmetry, fused, missing, split
and extra teeth during the four sampling seasomsveder, during winter and autumn,
multiple deformities were observed among chironortasta at this site (Figure 4.2).
Generally, more deformities were seen among indad&l from this site compared to the
other three sites.

At site 4 during spring, chironomid taxa were cloteased by fused and extra teeth. In
summer, missing teeth and Kéhn gaps were the domilypes of deformity seen among
chironomid taxa, while fused teeth were the onlpetyof deformity seen in autumn.
Chironomid taxa at site 4 during winter were cheased by missing teeth and multiple
deformities (Figure 4.2). Generally, results reedahat sites 2, 3 and 4 downstream of waste
water treatment works and industrial effluent désge points were characterised by
deformity types such as asymmetry, Kéhn gaps antipieudeformities, which were not
seen at site 1. In addition, in winter and autute, observation of larvae with multiple
deformities probably suggests more severe resparibese two seasons.

4.2.3 Spatial and temporal patterns of mandible defor mitiesin Chironomidae larvae

The patterns of mandible deformities among domimdironomid taxa at the four sampling
sites during the four sampling seasons are presémtéigure 4.3 and illustrated in Appendix
B, Figures B2 while detailed descriptions of theimas types of deformities are provided in
Appendix B Tables B13 —B16. At site 1 during sprimigformities in the mandible were
characterised by extra and split teeth. No mandiletormities were seen during summer,
autumn and winter among the dominant chironomid &b¢his site (Figure 4.3).
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At site 2 during spring, split teeth and twistedacapteeth were the dominant deformity types.
Although deformities such as missing teeth and asgtry were seen, they were less
frequent (Figure 4.3). In summer, deformity typeshsas split, missing and fused teeth as
well as asymmetry characterised the mandibles obebmid taxa, whereas only missing

teeth was observed in autumn, and no mandible ohitfes were seen in winter.

At site 3 during spring, the commonest deformitiesthe mandible of chironomid taxa

include split, missing and fused teeth (Figure 48)ring summer and autumn, deformities
in the mandible were mostly characterised by spld missing teeth but only missing teeth
were observed in winter. Generally chironomidsit 3 showed deformity types that were
not seen at site 1.

At site 4, no deformities were observed in the nil@led of chironomid taxa during spring.
However, in summer, autumn and winter, deformisiesh as split, extra, fused and missing
teeth characterised the mandibles of chironomid {&gure 4.3).

4.2.4 Spatial and temporal patterns of antennal deformitiesin Chironomidae larvae

The patterns of antennal deformities among domichimbnomid taxa at the four sampling
sites during the four sampling seasons are presémtéigure 4.4 and illustrated in Appendix
B, Figure B3 while detail descriptions of the vamsotypes of deformities are provided in
Appendix B, Tables B17 - 20 At site 1 during sprirgntennae of chironomid taxa were
characterised mostly by deformities in the segmantsmultiple deformities (i.e. an antenna
of a single individual larva deformed in more thane structure). During summer,
deformities in the lauterborn organ and segment® e most frequent whereas in winter,
only the lauterborn organ was deformed. No antede&rmities were observed in autumn
(Figure 4.4).

At site 2 during spring, antennae were mostly daéat in the lauterborn organ, segments and
ring organ. In summer and autumn, deformities weostly seen in the segments, lauterborn

organ and blade. No antennal deformity was observednter (Figure 4.4).

At site 3 during spring, deformities in the segnseabd multiple deformities were the most
frequent among chironomid taxa, while deformities the lauterborn organ were the
commonest in summer. In autumn and winter, anteohafironomid taxa at the site were

characterised mostly by deformities in the segméitgire 4.4).
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At site 4, antennal deformities among chironomid taxa were seen during winter only. They
were characterised by deformed segments and style (Figure 4.4). Generally, the various types
of antennal deformities were less frequent at sites 3 and 4 compared to sites 1 and 2.
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Figure 4.4: Percentage occurrence of deformitygypeorded in the antenna of chironomid taxa &t eathe four sampling sites in the

Swartkops River during the four sampling season.
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4.2.5 Incidences of defor mitiesin selected Chironomidae taxa at the four sampling sites

The incidences of deformities calculated as thecgyegnge (i.e proportion) of deformed
individuals to the total number of larvae screewdtiin a taxon in selected Chironomidae taxa
taken from the same site (i.e. exposed to the samionmental conditions over time) were
compared. Taxa were selected for this analysiseife were at least 20 larvae within a site and
also occurred in more than one sampling seasonh $tuteria were necessary because
incidences of deformities (i.e. proportion of defed individuals) is highly dependent on
sample size and a very small sample size couldtriesunrealistically elevated incidence of
deformity as observed for some individual taxa wattly 2 larvae, with 1 being deformed,
resulting in a 50 % incidence of deformity (Appends, Table B1l). To facilitate the
comparison of mean percentage incidence of defgyihitvas also important that selected taxa
occurred in more than one sampling season to aseasonal bias. However, it was also
pertinent not to set inappropriately stringentesid, considering the low abundances of most
of the chironomid taxa recorded at the four sitesng) the four sampling seasons. A sample
size of at least 20 larvae per taxa has been usbtrature for comparison (MacDonald and
Taylor, 2006) and was considered appropriate mghidy.

At site 1, incidences of mentum deformities betw€eirtotopus sp. 1,Cricotopus trifasciata
gr. andTanytarsus sp. were compared (Figure 4.5). Mean incidence exitom deformity was
highest inCricotopus trifasciata gr. but lowest irCricotopus sp.1. The incidences of antennal
and mandible deformities were not compared bec#usg did not occur in more than one
sampling seasons in all three taxa (&icotopus sp. 1, Cricotopus trifasciata gr. and
Tanytarsus sp.).

132



11 - . .
2 10
£
S 9
(]
©
5 8
8 7
é —
‘c 6
£
g 5
g
g 4
2
§ 3 L

2 1

Crisp.1 Cri tri Tanytarsus sp

Mentum of selected chironomid species at site 1

Figure 4.5: Mean and standard deviation for peeggnincidences of mentum deformities in
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Small squares = means, range bars = standard idegiaCri sp.1 =Cricotopus sp. 1 and Cri

tri = Cricotopus trifasciata gr.

At site 2, mentum and mandible deformities werengared betweerCricotopus sp.1,
Cricotopus trifasciata gr., Dicrotendipes sp. andTanypus sp. (Figure 4.6). Incidences of
deformities in both structures were highestDicrotendipes sp. but lowest incidences of
mentum deformities were observedGnicotopus trifasciata gr., while lowest incidences of
mandible deformities were recorded Tanypus sp. The incidences of antennal deformities
were not compared because they did not occur irertian one sampling seasons in all four
taxa (i.e.Cricotopus sp.1,Cricotopus trifasciata gr., Dicrotendipes sp. andlanypus sp.)
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Figure 4.6: Mean and standard deviation for peegmincidences of mentum (A) and
mandible (B) deformities i@ricotopus sp. 1,Cricotopus trifasciata gr., Dicrotendipes sp. and
Tanypus sp. sampled at site 2. Abbreviations: Small sqiarmeans, range bars = standard
deviations, Cri sp.1 €ricotopus sp. 1, Cri tri =Cricotopus trifasciata gr. and Dicro =
Dicrotendipes sp.

At site 3, incidences of mentum and mandible deioesn were compared between
Chironomus sp.1 andChironomus sp. 2 (Figure 4.7). Incidences of deformitiesbioth
structures were highest @hironomus sp.1. No comparison was made among chironomid taxa
at site 4 becausghironomus sp.1 was the only dominant taxa that occurredanenthan one
season at this site. Results therefore suggestritidences of deformity either in the mentum
or mandible varied among chironomid taxa taken fritv same sites. However, one-way
analysis of variance (ANOVA) conducted on arcsiam$formed data (mentum and mandible)
did not reveal statistically significant differerscép < 0.05) for the mean incidences of
deformity between chironomid taxa taken from theasites.
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4.2.6 Susceptibility of selected Chironomidae morphological structuresto defor mity

Susceptibility of mentum, mandible and antenna efomnity among dominant chironomid
taxa sampled at each of the four sampling sites ags®ssed. In order to establish how
individual structures within a species or genusetakom the same site (i.e. exposed to the
same environmental conditions over time) variesusceptibility to deformities, incidences of
mentum, mandible and antenna deformities were coedpa Only structures showing
deformities in the same species (from the same isiteore than one sampling seasons were
compared. With the exception d@dricotopus sp.1l at site 1, results revealed that mean
incidences of deformities were generally highethe mentum than in mandible and antenna
(Figure 4.8). However, i€ricotopus sp.1 collected at site 1, mean incidence of detgrmas
higher in the antenna than in mandible and men@ne-way analysis of variance (ANOVA)
conducted on arcsine transformed data showed i the exception oCricotopus sp.1 at
site 1, mean incidence of deformities in the mentuas significantly higher (p < 0.05) than in

the mandible and antenna in all other taxa examatedach of the sampling sites. Results
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therefore suggest that structures within a taxdertafrom the same sites are differentially
susceptible to deformities.
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Figure 4.8: Means and standard deviations for pgage incidences of deformities for the
mentum, mandible and antenna within a taxon amangimmant chironomid taxa taken from

the four sampling sites in the Swartkops River. Brequares = mean and range bars =
standard deviation (Figure continued on next page)
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the four sampling sites in the Swartkops River. Batpares = mean and range bars =
standard deviation (Figure starts from previousepag

4.2.7 Relationships between Chironomidae larval deformities and water quality

Relationships between arcsine transformed commumidtigences (%) of mentum, mandible
and antennal deformities and log (x+1) transformashsured water quality variables were
elucidated by a Pearson’s correlation analysis.rd@ea correlation coefficients between
community incidences of mentum, mandible and argkdeformities and measured water
quality variables are presented in Table 4.1. Aifitant negative correlation was found

between community incidences of mentum deformitied the concentrations of dissolved
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oxygen (DO). Conversely, significant positive cdatins were observed between community
incidences of mentum deformities and the concaatratof ammonium - nitrogen (NHN),
total inorganic nitrogen (TIN), orthophosphate epbhorus (P@P) and turbidity. Community
incidences of mandible deformities displayed sigaifit negative and positive correlations
with the concentrations of dissolved oxygen andbitlity respectively. No significant
correlation was observed between community incidencf antennal deformities and the

concentrations of any of the measured water quaditiables.
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Table 4.1: Pearson’s correlation coefficients betweommunity incidences of mentum, mandible andrar@l deformities and measured water
quality variables. * = significant at p < 0.05 arfd= significant at p < 0.01

DO pH [Temperature |[EC Turbidity [BODs |[NO3-N [NO2-N [NH4-N |TIN PO4-P

% community incidence . . . . .

_ -562 [.327 |.241 426 |.635 420 L1101 |.450 |.593 579 |.683
mentum deformity
% community incidence . .

_ _ -.625" |.283 |.413 246 1.598 461 [.119 124 (499 |.484 |.468

mandible deformity
% community incidence

_ .368 |.422 |.358 -.240 |.377 -203 |-.455 |-.171 |-.299 |-.280 |-.144
antennal deformity
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4.3 Discussion

4.3.1 Morphological larval deformitiesin Chironomidae communities

It has been suggested that incidences of defosmitiehironomid community exceeding 8%
of the total larvae examined can be taken as itidicaof in-stream toxic contamination
(Warwick, 1988; Nazarove al., 2004). Thus sites 2, 3 and 4 with the communitydiecces

of mentum deformities exceeding 8% throughout ei@Eing seasons could be regarded as
toxicologically contaminated. However, such an tagloily designated reference value as a
biological criterion is questionable because edoligconditions vary among aquatic
ecosystems (lotic and lentic) and among regionserdfore, because of differences in
ecological conditions among eco-regions, an “ideaference site(s) should be determined
objectively for each study and deformities obtairesd impacted sites should also be
objectively compare to those at reference sitegsch comparison could be done using a
box-and-whisker plot of the reference site and ichpa sites. If the reference site is well
separated from the test or impacted sites (e.geréeptile at reference site falls below 25
percentiles at impacted sites) then it could beahbjely concluded that observed deformities
at impacted sites are probably due to pollutiontii@rmore, 8% incidences of deformities in
different chironomid communities may not necesgatihdicate the same levels of
contaminations because as noted earlier, diffegamera within a community respond
differently to pollution and in expression of defoties. For example, a less polluted site
dominated by more susceptible genera would likelydpce more deformed larvae than
heavily polluted sites dominated by pollution teletr genera. This may lead to erroneous
conclusion regarding the level of contaminationmare effective way will be to develop a
simple numeric index, similar to the toxic scordar TSI (Lenat, 1993), in which genera are
assigned weighting according to their sensitivityekpression of morphological deformities.
The assignments of sensitivity scores to generaldwaly heavily on extensive field and
laboratory toxicity test. Lenat 1993's TSI could e used in this study because it was based
on onlyChironomus sp. and this genus was not recorded in all thedampling sites.

The importance of seasonal variations in the inwds of deformities has been stressed by
Serviaet al. (2000). In the present study, community incidenckEmentum, mandible and
antennal deformities were not statistically sigrahtly different (p > 0.05) between seasons
across sites. However, there were variations (thougf significant) in the incidences of

deformities among seasons. More deformed antenndengntum were, in most cases,
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observed during spring and summer at the four samites (Figure 4.1). It could be that
increased temperature during summer which is likedyincrease concentrations and
bioavailability of contaminants may increase thenber of deformed larvae (Jeyasingham
and Ling, 2000). On the other hand, elevated imude of deformities during spring has
been attributed to spring “overwintering” larvd®at had been developing at a slower rate
under low temperature conditions and were theredoq@sed much longer to contaminants

(Jeyasingham and Ling, 2000).

The various types of deformities reported in thisdg have been observed by other authors
in different field studies (Martine&t al., 2006; Ochiengt al., 2008; Al-Shamiet al., 2010).
Deformity types such as Kohn gaps, extra, fusethtaed asymmetry that characterised the
mentum of chironomids at polluted sites 2, 3 anaede rarely seen at site 1. For instance, no
incidence of K6hn gap was observed at site 1 througthe study period. Groenendgkal .
(1998) found strong positive correlation betweermiKgaps and levels of heavy metals in the
Dommel River, northern Belgium. The occurrenceshid type of deformity in the mentum
of chironomids at sites 2, 3 and 4 in this study rna an indication of possible heavy metal
contaminations which have been reported from therfops River in an earlier study
(Binning and Baird, 2002). Furthermore, the overaelévated incidences of mentum
deformities recorded at sites 2, 3 and 4 are ctmmdisvith the findings of several authors
(e.g. Martinezt al., 2002; Bhattacharyast al., 2006) who also reported higher incidences of

mentum deformities at polluted sites.

Generally chironomids at site 3 showed more defdrmandibles compared to taxa collected
at other sites. In addition, the occurrence of daibes such as asymmetry and missing teeth
that characterised mandibles of chironomid taxsitat3 which were not seen at site 1 were

probably induced by the relatively high polluti@véls at this site.

Although heavy metals have been extensively imgitaas causal agents of deformities
(Lenat, 1993; Janssens de Bisthoven and Gerhdd8; Nazarovat al., 2004; Ochienget

al., 2008), Serviaet al. (1998) and MacDonaldt al. (2006) have also claimed organic

pollution to be a possible causal agent of defaesiin chironomid larvae. The measured
water quality variables in this study are oftenduss indicators of organic pollution (e.g.
Dickens and Graham, 1998) and thus the strong latice between community incidences
of mentum deformities and the concentrations ofali'ed oxygen, ammonium-nitrogen,

total inorganic nitrogen, orthophosphate-phosphand turbidity seemed to support the
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claim of Serviaet al. (1998) and MacDonalet al. (2006) that organic pollution is likely to

induce deformities in chironomid larvae

4.3.2 Variationsin theincidences of defor mitiesamong Chironomidae taxa

Incidences of deformity varied among genera of @iomidae reported in this study.
Warwick (1990) first noted that chironomid genera differentially sensitive and would
express varying levels of deformities even if thesre collected from the same site. In this
study for instance, the mean incidences of mentefarchity in Cricotopus trifasciata gr.
was higher than those danytarsus sp. andCricotopus sp.1 at site 1. This suggests that the
application of deformities in chironomids as a b@ital screening tool requires independent
reference or background incidence of deformity é&ach genus because of differential
sensitivity to induction of morphological deforneisi. However, it could also be that the
observed differences between genera is a resudcraiening deformities among different
instar stages of larvae of different genera whiels wot taken into account in this study. That
is, whether the expressions of morphological deftggmvary among different chironomid
larvae instar stages or as a result of prolonggu®xe in the older larvae. This is an area
that requires further exploration.

Differences in the expression of deformities amohigonomids could be partly attributed to
their feeding habits (Warwick, 1991; Nazaroeh al., 2004). Most genera within the
subfamily Chironominae are detrital feeders (Olsdais 1992; Armitageet al., 1995) and
because of their feeding habits, their mouth pares often in direct contact with the
sediments and the associated contaminant burdemrantherefore more likely to express
elevated levels of deformities (Bhattacharghgl., 2006). This, perhaps, partly explains the
reasons for the observed relatively elevated imods of deformities among the
Chironominae (Figures 4.5 — 4.7). The relativelghhincidences of deformity among the
Chironominae reported in this study are in agre¢mth those reported by Bhattacharyety
al. (2006) and Ochieng al. (2008) who noted that incidences of deformities agngenera
within this subfamily were comparatively higher thgenera in other subfamilies. Incidences
of deformities among the predacious Tanypodinaeswelatively less frequent in the present
study. Perhaps their feeding habits, being predatarmitageet al., 1995), do not expose
them so much to the sediment bound contaminantserCitudies have also noted low
incidences of deformities among the TanypodinaatBlcharyayet al. (2006) for example
reported fewer numbers of deformed Tanypodinae eo@apto the Chironomini.
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Furthermore, Warwick (1988) suggested that eachoobimid genus responds within a
certain range of contaminants concentrations, alvavieh it probably starts experiencing
mortality. Chironomid species such Ralypedilum sp., Tanytarsus sp. andOrthocladus sp.,
which were present at site 1 but scarcely seented 2, 3 and 4 probably revealed a
community that could not tolerate the pollutiondsvat these sites. At site 3 for instance, the
consistently low abundance dicrotendipes sp. and the relatively high incidences of
mentum deformities probably reflect a species gvirear its borderline at such a “heavily”
polluted site (Appendix B, Tables B2). Although #mall sample sizes &ficrotendipes sp.

at site 3 reported in this study cannot be usedite a reliable estimate of incidences of
deformities in this genus, the low abundances aobably themselves indication of poor
water quality and subsequent mortality.

4.3.3 Variationsin theincidences of defor mitiesamong Chironomidae structures

The incidences of deformities observed among sirastexamined in this study also varied.
Results suggest that there could be differenceseimsitivity among structures within a
species taken from the same site. Warwick (198518&8) hypothesized that antennae are
extremely sensitive organs which only express molggical deformities at very low
concentrations of pollutants and suggested thaight levels of pollution antennae develop
some sort of resistance to deformities and thabrdefies in antennae are replaced by
deformities in more sclerotized structures suchnanta, ligulae and mandibles. The
comparatively low incidences of antennal deforntiisoughout the period of this study may
support this claim. By Warwick’s (1985 and 1988)pbthesis, it could be that the
concentrations of pollutants at all sampling sfiasluding site 1) were above the ranges for
which antenna could express elevated levels of hadogical deformities. This may explain
the observed relatively low incidences of antendaformities in this study. If this
explanation is correct, then it is important to estigate the mechanisms behind such
resistance in antennae. It has, however, been lgpeduthat resistance mechanisms in
antennae involve the production of biochemical host&tic chemicals which detoxify toxins
(Warwick, 1988). Furthermore, mandible deformitkesre also relatively low compared to
the mentum throughout the study period. The maadibla heavily sclerotized structure
which has been hypothesized to only express moogita! deformities at very high
pollution levels (Warwick, 1988). The observed lowidences of mandible deformities in

this study may be that the levels of contaminamtggnic or inorganic) were not high enough
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to induce elevated levels of deformities in the dibles. However, results revealed that
incidences of mandible deformities were consisyehigher at sites 2, 3 and 4, downstream
of industrial and sewage effluent discharge poistgjgesting possible severe impacts at
these sites. The community incidences of deformitie the menta and ligulae were
consistently higher than those observed in thenmaie and mandibles at all the sampling
sites (Figure 4.1). The results in this study ssgd¢ieat the mentum seemed to have a wider
range of morphological response expressing def@snjtlepending on the species or genus)
at all the four study sites. Therefore, in studies involve a pollution gradient, the mentum
could be the structure of interest. In summary,liegppon of deformities in Chironomidae
larvae as a biomonitoring tool probably requireseduination of reference incidence of
deformity for each genus and structures within ruge

4.4 Conclusion

The screening of deformities in Chironomidae larvagealed evidence of deteriorating
environmental water quality in the Swartkops Riv&@he method is particularly useful
because it could detect sub-lethal effects of pioltuat sub-organism levels and may serve as
early warning indicators to water resources marsagiére study illustrates the importance of
tabulating deformities separately for each genuksstiructure because of possible differences
in expression of deformities.

The elevated incidences of deformities recordesitas 2, 3 and 4 signals possible chemical
contaminants in the Swartkops River. Out of thedtres screened for deformities in this
study, the mentum proved most useful because gappo have a wider range of sensitivity,
is easy to prepare for examination and deformitees be quantified rapidly. The study of

chironomid deformities added value to the linesdemce gathered in the multi-criteria

investigation of pollution in the Swaterkops River.
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CHAPTER 5 GENERAL DISCUSSIONS, CONCLUSIONS AND
RECOMMENDATIONS

5.1 Introduction

Over the past decades, there has been an incretigepollution of freshwater resources as a
result of growing human population, increased uaion and industrialisation (Chamie,
2004; Hassaret al., 2005). The Swartkops River is no exception, asrding a highly
urbanised and industrialised catchment and thusinitstream biota have consequently
suffered varying degree of anthropogenic impactd/AF 1996a; Binning and Baird 2001).
Macroinvertebrates have long been used as indgkatdr water quality deterioration
(Rosenberg and Resh, 1993; Bonadaal., 2006; Justuset al., 2010) and improved
management of the Swartkops River water resourcegdnwbenefit from different levels of
macroinvertebrate based assessment approachesathptovide better understanding of the
impacts of water quality deterioration on the Risebiotic communities. South African
national water law and policy requires the protecif water resources by managing water
quality, conditions of in-stream and riparian hatsf conditions and distribution of aquatic
biota (NWA, 1998; NWRS, 2004). Macroinvertebratee an important component of the
aquatic ecosystems because they serve as a crititimediate path-way for the
transportation and utilization of energy and matteey respond differently to a variety of
pollutants and provide an indication of water gyadiver varying time periods (Wallace and
Webster, 1996; Camarga al., 2004; Bonadat al., 2006). Consequently, their presence,
absence, abundance and distribution reflects taé&hhef the aquatic environment in which
they live (Bonadaet al., 2006; Fouche and Vlok, 2010; Arimoro and Muller,100
Therefore, an investigation, particularly with redjéo water quality, of the Swartkops River
macroinvertebrate communities could provide reléwaiormation needed for the protection
of water resources as required by the South Afridational Water Act (Act No. 36 of 1998)
and the National Water Resource Strategy (NWRS4200

In this study, different macroinvertebrate basewianitoring approaches were applied to
better understand the responses of the Swartkogs Riacroinvertebrate communities to
water quality deterioration. The results are aiitic discussed in this chapter, and
conclusions and recommendations drawn based dinthegs.
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5.2 The Swartkops River Health Conditions

The South African National River Health ProgrammR&1P) was designed to provide better
understanding of the impacts of anthropogenic @igs/on in-stream biota and to generate
relevant ecological information needed for sustamamanagement of South African
freshwater resources (RHP, 2006). The RHP usesrdbponses of in-stream biota to
determine the health of riverine ecosystems (Da@60; RHP, 2006). In the present study,
the South African Scoring System version 5 (SAS$%),index within the river health
programme based on the perceived sensitivity ofronaeertebrate taxa to water quality
changes, was applied in order to determine the tRo@s River health conditions.

Assessing river health using SASS5 requires thepkagnof macroinvertebrates from three
different biotopes namely: stones (stones in- aatdob current), vegetation (marginal and
aquatic) and gravel, sand and mud (GSM) (Dickems Graham, 2002). The results of the
present study revealed that, with the exceptiovegitation and GSM biotopes at site 3 and
stone and GSM biotopes at site 4, macroinvertebcataposition differed significantly
between the three sampled biotopes at all four Eahgites (Table 3.2). These differences
could be attributed to natural variations in hydics, substrate, thermal conditions and other
ecological characteristics that exist among théediht sampled biotopes (Dallas, 2007a).
Similarly median SASS5 scores, number of taxa aretage score per taxa (ASPT) also
varied between the sampled biotopes at the foess ¢$igures 3.6 and 3.11) These observed
differences in macroinvertebrates composition alb aeSASS5 scores, number of taxa and
ASPT values underscore the importance of samplifgASS5 biotopes in biomonitoring of
rivers using the South African Scoring system ard (SASS5).

Replicate macroinvertebrate samples taken weressesdeto ascertain whether a single
sample taken from a particular biotope at a sita particular time is a reasonable reflection
of macroinvertebrates composition of that biotopethe time of sampling. Analysis of
similarity (ANOSIM) did not indicate significant ffierences between replicate samples taken
from the same biotope at a site. The South Afri€moring System version 5 (SASS5)
protocol recommends that only one sample be takem feach biotope for SASS5
assessment. The findings in this study therefoppeu the collection of one sample from
each biotope as there were no significant diffeeesnamong replicates sampled from the
same biotopes. These results are consistent vagetaf Maseti (2005) who also did not find
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significant differences in macroinvertebrate conifims among replicate samples taken from
the same biotope in the Buffalo and Inxu Rivers.

Currently in South Africa, assessment of river tieaking the South African Scoring System
version 5 (SASS5) within the River Health Prograan(RHP) assigns a water quality
category to each site within a river based on SA&®%5es and ASPT values (Dallas, 2007a).
The water quality categories which include natguamodified); good (largely natural with
few modifications); fair (moderately modified); po@argely modified); and seriously and
critically modified are considered to reflect th&er health condition. Based on this
approach, total SASS5 score revealed that watdityjaa site 1 was “good” while ASPT
value indicated “fair” water quality category atetlsite. Similarly, total SASS5 score
indicated poor water quality at site 2, while ASPRavealed “critically modified” water
qguality at this site. Both scores (i.e. SASS5 scamd ASPT value) indicated “critically
modified” water quality category at sites 3 and Halfle 3.4). However, based on the
discriminatory ability test approach, total SAS®5res and ASPT values discriminated site
1 from the downstream sites (i.e. sites 2, 3 andA#)ong the downstream sites, SASS5
scores separated site 2 from sites 3 and 4 butl cedl separate sites 3 and 4. ASPT values
separated site 3 from sites 2 and 4 but could isatichinate between sites 2 and 4. Although
SASSS results revealed evidence of water qualitgraeation that may have negatively
impacted on the Swartkops River macroinvertebrasemblages, based on both approaches
(i.e. assignment of water quality categories arstrdninatory ability test) both SASS5
scores and ASPT values, could not discriminate &etvall four sampling sites although sites
2, 3 and 4 were demonstrably poorer than sitell¢Tald and Figure 3.14).

In the present study, the significant correlatitfis + 0.5; p < 0.05) between SASS5 scores /
ASPT values and the concentrations of dissolvedyemy(DO), nitrate-nitrogen (NEN),
nitrite-nitrogen (NQ-N), total inorganic nitrogen (TIN), orthophosphgtigosphorus (P£P),
five days biochemical oxygen demand (B§pBnd electrical conductivity (EC) indicated the
sensitivity of SASS5 to changes in the measure@meiality variables.

One priority area of biomonitoring is to developnpie and rapid assessment techniques
whose results are easily conveyed to, and undatdigowater resources managers (Bonada
et al., 2006). SASSS is a simple and rapid assessmentiteehmwhose results are always
presented as single biotic index scores and thres,easily interpreted and information

conveyed to water resources managers. Howeveituations where resources are limited
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and water resources mangers need to prioritiseoreggtn efforts, more rigorous and
intensive methods that could distinguish subtléedéinces between polluted sites can applied
for management purposes. Information obtained fsoich rigorous and intensive methods
may not however, be easily understood by waterurees managers and, this could limit
their application. Since most types of biomonitgrimools could easily discriminate
unpolluted from polluted sites, in this study theultimetric approach, based on
macroinvertebrates, was investigated to ascertdistlver further ecological information
could be obtained that could help in discriminatbgween the downstream polluted sites
(i.e. sites 2, 3 and 4). These sites are slighifferént in levels of pollution with small
differences in macroinvertebrate compositions abdndances. Such information, when

obtained, could complement SASS5 results in biotooing of the Swartkops River.

5.3 Application of Multimetric Approach to Assess Swartkops River M acroinvertebrate
Communities

The multimetric approach was used to integratermétion from individual, population and
community levels to provide a better understanaihgnpacts of water quality changes on
the Swartkops River macroinvertebrate assembldgehis study, 19 metrics were selected
from 4 categories which include abundance, compositichness and diversity. Out of the
19 metrics evaluated, 10 of these, with at least@ach from the selected categories, proved
to have satisfactory discriminatory ability (i.escriminated site 1 from sites 2, 3 and 4) and
six of these 10 metrics, detected subtle differermween sites 2, 3 and 4 (Figure 3.19) and
they also displayed significant correlations toraes in the measured water quality variables
across the four sites.

Results further revealed that metrics in the aboodaategory were less affected by changes
in water quality compared to metrics in the othategories. Apart from the abundance of
Trichoptera, all metrics in the abundance categeeye ubiquitous and could not distinguish
site 1 from sites 2, 3 and 4 (Figure 3.19). Thiggasts that metrics in this category are not
sensitive and should therefore be used with cautibhin the framework of water quality
management. In addition, factors such as samg@ffayt and size of sampled area could
easily affect abundances of metrics and can easiribute to high variability (Barbouet

al., 1999; Sanchez-Montow al., 2010).

Three metrics in the richness category (i.e. Epheptera-Plecoptera-Trichoptera EPT

richness, Ephemeropera-Trichoptera-Odonata-Coleen @ OC richness, and Margalef's
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family richness index) discriminated site 1 frontesi2, 3 and 4 and were also strongly
correlated with changes in physical and chemicaémaguality variables across the four sites.
Metrics in this category are widely used in bionmtoring programmes because they are
presumed to respond to human induced changes redéctable fashion, usually decreasing
in values with increase in the level of pollutiollémm et al., 2002; Suriancet al., 2010).
Based on the discriminatory ability test, out cf three metrics in the richness category with
satisfactory discriminatory ability, EPT richnesslaVargalef's family richness index were
able to discriminate between sites 2, 3 and 4 (Eid19), which seemed to suggest that
these two metrics could detect subtle differeneawéen polluted sites.

Diversity indices take into account two aspectsmaicroinvertebrate ecology, i.e. richness
and evenness (Ogbeibu, 2005). Unlike biotic inditesy were not designed to respond to
any specific type of anthropogenic impact but they often used in macroinvertebrate based
biomonitoring of rivers and streams (Camastal., 2004; Gray and Delaney, 2008; Suriano
et al., 2010). In this study, two diversity indices (i.amson and Shannon) with different
properties were used to explore the diversity a&f Bwartkops River macroinvertebrate
assemblage in relation to water quality changeapSon index is always skewed towards the
abundance of the commonest families while Shanndex usually reflects the abundance of
individual taxa while it still assigns greater wiatigo the commonest families (Ogbeibu,
2005; Gray and Delaney, 2008). Both indices disicrated between all four sampling sites,
which seemed to suggest that these two indiceslatribct subtle differences between sites
with slightly different levels of pollution.

Equitability (evenness) was considered in thisgtagla possible metric that could be applied
for water resources management because it helpkit¢alate the consequences of pollution
which may lead to the dominance of tolerant andodpnistic taxa in a sample. That is, the
assumption behind this concept is that, the abwetamf species in a sample from an
undisturbed environment are often relatively evedistributed compared to those from a
disturbed or impacted environment where opportimand tolerant taxa would account for

greater proportion of species abundance (ClarkeVdadvick, 1994; Ogbeibu, 2005). In the

downstream sites (i.e. sites 2, 3 and 4) partiukrsites 3 and 4, the abundance of families
was dominated by the most pollution tolerant taxehsas Chironomidae, Oligochaete and
Hirudinae and consequent reduction in equitabditythese sites. Equitability was found to
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discriminate between all four sampling sites, ssgjgg its ability to detect small differences
between sites.

In general, results suggest that the applicationth&f multimetric approach provides
additional information on how the Swartkops Riveaamoinvertebrate abundance, richness,
composition and diversity responded to changesiwirenmental water quality. Specifically,
out of the 10 metrics that separated site 1 fraes<2, 3 and 4, six of these were able to
distinguish between sites 2, 3 and 4. That ispsxric separated all four sampling sites from
each other and these metrics include EPT richn&ssChironomidae + Oligochaete,
Margalef's family richness index, Shannon diversitgex, Simpson diversity index and
equitability. These six metrics, contributed infaton not provided by SASS5 results. That
is, they revealed evidence of significant differefhdetween sites 1 (reference site) and
polluted sites (sites 2, 3 and 4) as provided bysS®A results and evidence of marginal
differences between sites 2, 3 and 4 (Figure 3AlHough SASSS results revealed the same
level of pollution for both sites 3 and 4 (Tabld)3.the multimetric approach indicated site 3
as the most polluted with lower Shannon diversitglex, Simpson diversity index,
Margalef's family richness index and equitabilityat were marginally discriminated from
sites 2 and 4 (Figure 3.19). Also, higher % Chiroitae + Oligochaete at site 3 was
marginally discriminated from those at sites 2 dndherefore, depending on the goals of the
assessment programme, available resources andigsiomacroinvertebrate data could be
subjected to multimetric analysis to obtain suchlitt@hal information, particularly of
marginal differences between polluted sites, wihtichld enhance decision making regarding
the impacts of anthropogenic activities on macreitebrate assemblages and overall aquatic
ecosystem health.

5.4 Chironomidae as Bioindicators of Water Quality in the Swartkops River

One of the limitations of SASS5 as a rapid bioassesit protocol and the multimetric
approach as used in this study is that macroinbeates are only identified to the family
level. Consequently, both SASS5 and the metricsiasides applied did not detect changes
in the abundance, distribution and composition @icrainvertebrates at lower taxonomic
levels such as genus and species. Lenat and R@8h)(Bave emphasised the importance of
genus and species level identification in waterliguassessment because, within a family,
species are differentially sensitive to changewater quality and assigning tolerance limit at
the family level would masked individual speciessevity and could lead to erroneous
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conclusion regarding water quality condition of ike.s These authors highlighted their
argument by comparing the classification of sitgsalpenus/ species level biotic index to a
family level biotic index and concluded that abdGt % of sites identified as excellent, and
20 % regarded as poor by a family level biotic xdeere wrongly classified. Such
erroneous classification could have profound nggatiater quality management implication
because sites which need urgent restoration intdorecould easily be overlooked.

In this study, the family Chironomidae were idegtif to genus and species levels with a
view of exploring their bioindication potential€i.changes in Chironomidae communities in
relation to water quality). Among families of ageatacroinvertebrates, Chironomidae are
probably the most abundant, widely distributed species rich family with an extraordinary
ecological range (Armitaget al., 1995; Cranston, 1996; Harrison, 2002; Porinchu and
MacDonald, 2003; Luoto, 2010). Refined taxonommeasment of chironomids in relation to
water quality changes could help in elucidating tleed to use them in water quality
assessment and provide information not supplied faynily level identification.

Results revealed that chironomid communities ef$lwartkops River, at genus and species
levels of taxonomic identifications, were sensitteechanges in water quality decreasing in
species diversity and richness from site 1 to theet downstream sites (Figure 3.23). One
shortcoming of the SASS5 results in this study thas SASS5 scores and ASPT values were
able to discriminate between site 1 and sites&)dB4 but could not distinguish between all
three downstream sites (i.e. sites 2, 3 and 4)cifigaly, both SASS5 scores and ASPT
values indicated that water quality at sites 3 dndere both critically modified. But on
identification of chironomids to the genus and spedevels, results revealed that site 4
supported more diverse chironomid communities coagpdo site 3 that was consistently
dominated byChironomus sp.1Chironomus sp. 2 andChironomus sp. 3, indicating possible
slight differences in the water quality status laese two sites (Figure 3.23). From a
management perspective therefore, site 3 couldibetiged for restoration efforts based on
the species level information. Also, the presenfesmecies such a€ricotopus sp.1,
Cricotopus trifasciata gr., Tanypus sp.,Orthocladius sp. andKiefferullus sp. at site 2, which
were completely absent at site 3 and rare at ste@med to suggest that the water quality at
site 2 is less impacted than at sites 3 and 4. Ehiglso supported by the significant
differences in measured water quality variables (CEXL, BODR, NHz-N, TIN and
Periphyton) between sites 2, 3 and 4 (Table 3.1).
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Among the three subfamilies of chironomids record€&dnypodinae, Orthocladiinae and
Chironominae), Chironominae had the highest nurlbéaxa over the study period (Figure
3.22). The two tribes Chironomini and Tanytarswithin the subfamily Chironominae,
seemed to exhibit marked differences in sensitiwatyvater quality deterioration. Species of
tribe Tanytarsini were particularly sensitive tdlpbon and were completely absent at site 3,
while the Chironomini: Chironomus sp. 1, Chironomus sp. 2 andChironomus sp. 3
dominated the chironomid compositions at sites @ 4rfFigures 3.21 and 3.22). Similarly,
lesser numbers of species within the subfamilieth@itadiinae and Tanypodinae were
recorded at sites 2, 3 and 4 compared to site &.r&sults therefore generally suggest that
different chironomid species, genera and even suibés are likely to respond differently to
water quality changes. The implication therefor¢hat within the family Chironomidae in
the Swartkops River, species differ in sensititibywater quality changes and could have
different tolerant limits with which small differeas between sites could be detected. This
was reflected in the differences in the chironomsdemblages at the four sampling sites in
which some species were completely absent at sdntkeosampling sites. Furthermore,
species level identification showed that the speofethe genu€hironomus dominated sites

3 and 4 and species within this genus are mostlgpscs that feed on detritus and algae
(Armitage et al., 1995). The preponderance of these species coulihked to increase
organic matter and presence of algal growth andddinerefore serve as good indicators of
organic pollution and probably of nuisance growtplaytoplankton and periphyton.

The Swartkops River chironomid communities alsovwst seasonal variations with more
species being collected during spring and summgu(€ 3.21). Rossaro (1991) reported that
most chironomid taxa enter the resting stage dusimger and could result in the collection
of fewer species (Rossaro, 1991). Thus, some autfmg. Adriaensseng al., 2004)
restricted the collection of their chironomids torsner only. Therefore, in situations where
resources could not permit a year round samplihig, should be done during spring and
summer as these two seasons are likely to givarib&t diverse reflection of chironomid
assemblages at each site.

The present study therefore demonstrates the isupoet of species level identification in
biological water quality assessment and also pesvieiidence of the bioindication potential
of the family Chironomidae. Given the observed atéhces in species, genus, tribes and

subfamilies between the four sampling site (FiguBgsl and 3.22), and the huge species
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richness of chironomids in South African freshwafidarrison, 2002), it might be safe to
argue that the score given to this family in SAS88et may not best represent the sensitivity
of species, genera, tribes and even sub-famili¢gsirwthe family. Since sub-family level
chironomid identification is relatively easier t@arcy out than genus and species, the
sensitivity of sub-families to water quality impaent should be assessed extensively
through field and laboratory studies in order tdit e family Chironomidae into sub-
families and these assigned different scores inSASdesign a SASS-type system based on
chironomids. Such system could provide informatsoich as habitat preference and water
quality tolerant limits of individual chironomid epies, and specific indicator taxa to
different types of pollution, which may include iodtors of organic pollution, heavy metal
contaminations and habitat degradation. The watsources management benefits of such
system would include improved understanding of Eserelationships to different types of
impacts. Such a system however, would not be daifabrapid bio-assessment but could be
adopted as part of a more detailed ecological assa# of freshwaters.

Although chironomids proved to be useful bioindizatof water quality deterioration in the
Swartkops River, there are a number of factors ¢batd limit their routine application in
biomonitoring of freshwater resources. Firstly, tlentification of chironomid to genus or
species is time demanding and laborious becaus$eirdizidual specimen has to be mounted
on a slide under a dissecting microscope, clearitld ehemicals, allowed to air dry for
several days and then examined under high magmifitaEach of these steps requires
attention to detail making identification of thisogp of aquatic macroinvertebrates very time
consuming and laborious. This has led some autitabeni and Wang, 2001) to argue that
identification of chironomids could take up to 5@¥the total time spent in identifying the
entire macroinvertebrate samples collected in amgas or river. Secondly, even when time
permits, identification of chironomid larvae to genor species can be difficult and may
require consulting with an expert in chironomid dag@my, making this group of
macroinvertebrates difficult to apply as bioindaat by non-specialists. Thirdly, detailed and
comprehensive South African chironomid larvae sgeddentification keys are not yet
available due to lack of experts in Afrotropicaliromomids taxonomy (de Moor, Albany
Museum, Grahamstowmer. comm., 2010). Considering these factors in the applicatbn
chironomids in freshwater biomonitoring, the monitg individual or agency needs to
decide on the trade-off between the benefits afigushis group as biological indicators of
water quality changes and the time costs or gaitiegadditional information. Key factors in
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deciding whether to use chironomids in routine Hvester biomonitoring will certainly
depend on the goal of the assessment programmealdeaime and financial resources,
priorities and possibly availability of specialtironomid taxonomists. For example, if the
goal and priority of the assessment programme igsstablish specific indicator taxa for
specific types of pollution or to document the spe@ssemblages of a particular river for
future references, then species level identificatibchironomids would be beneficial.

5.5 Morphological Deformity in Chironomidae as Early Warning Indicators of Water
Quality Changesin the Swartkops River

Integrated water resources management (IWRM) regar holistic approach to assess the
impacts of water quality deterioration on in-streadmta (NWRS, 2004). Such a holistic
approach would require that effects of contaminantaquatic ecosystems are detected early
enough in order to take appropriate mitigation mess The approaches mentioned above
are community based, and depend on presence onca&bsé macroinvertebrates to detect
effects of pollution. In other words, these apphmscrely on potentially lethal endpoints.
Lethal end points are not suitable for use as eadsning indicators of contaminations of
freshwater resources because concentration of mardats must be high enough to
ultimately result in the disappearance of sensitgreups before such endpoints can
effectively detect impacts of pollution on aquatiacroinvertebrates (Fargal., 2006).

Morphological deformities in Chironomidae larvae aegarded as early indicators of water
quality deterioration because they are sub-lethmpeints (Janssens de Bisthoven and
Gerhardt, 2003; Nazarow al., 2004; Ochienget al., 2008). Deformities in Chironomidae
larvae are thought to be effects of exposure pdatity to chemical contaminants (Martinez
et al., 2006; Diaset al., 2008). However, substrates to which larvae are sagh@ould also
influence the levels of deformities in chironomi{@srd, 1997). It will therefore be useful to
investigate whether factors not directly relatedwtater quality such as predation; habitat
degradation and competition could also influenctomeities. Based on fossils records, the
natural incidences of chironomid deformities in olyted waters were reported to range
between 0 and 0.8% from the Bay of Quinte, Carfadrwick, 1980). However, because of
increased industrialisation, urbanisation and adjtical activities, pristine water bodies are
scarce and numerous field studies (e.g. WarwicB81Blazarovat al., 2004; Ochiengt al.,
2008) have reported background levels of deformiitie least impacted sites to range
between 0 and 8%, above which a site could be deresil contaminated. The elevated levels
of community incidences of deformities, particwaof the mentum at sites 2, 3 and 4 in this
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study, are indicators of both point and diffuselygadn sources and possibly heavy metals
which have been reported from the Swartkops Rwan earlier study (Binning and Baird,
2001), while the observed incidences of deformidesite 1 could be considered as early
indicators of water quality deterioration. Sevestaldies (e.g. Diggins and Stewart, 1998;
Martinez et al., 2002; Bhattacharyagt al., 2006) have implicated heavy metals as causal
agents of chironomid deformities. However, undetdficonditions, it is too simplistic to
attribute observed incidences of deformities tangle or group of chemical(s) because input
of chemicals into the natural environment not egompasses their pure state but also their
by-products as a result of degradation, productsyoérgistic and antagonistic interactions
(Warwick, 1991; Hassaet al., 2005). As a result, in reality, organisms arpcesed to a wide
array of chemical contaminants in the aquatic e@mvent. Therefore, the elevated mentum
deformities observed at sites 2, 3 and 4 couldidedical effects of exposure to a wide array
of pollutants either acting synergistically, antagtically, independently or possibly even
other environmental stressors, which may or may het linked to water quality.
Nevertheless, the significant correlations betwesrmmunity incidences of mentum
deformities and the concentrations of dissolvedgexy(DO), orthophosphate-phosphorus
(PQy-P), ammonium-nitrogen (N4N), total inorganic nitrogen (TIN) and turbidityiggest
that organic inputs into the Swartkops River arsoalikely to induce deformities in
chironomids. These deformities reflect a biologimanmunity with unfit individuals.

Chironomidae community species richness and diyergere lowest at site 3 suggesting
greatest impacts at this site. The Chironomidae nconity results are supported by the
consistently highest community incidences of menaumd mandible deformities recorded at
site 3 (Figure 4.1). That is, chironomid taxatas tsite were more deformed compared to
taxa at the other three sampled sites. Since défesmcould be important ecological
endpoints of fitness, the ability of chironomid daat site 3 to perform normal ecosystem
functions such as recycling of nutrient could bepamed. Also, because most of the
deformities recorded were associated with the nmergnd mandible (Figure 4.1), the ability
of deformed chironomids to feed could be affectstj this can contribute to depletion of
their population and ultimate reduction in spedersity and richness. Many chironomids
feed on algae (Armitaget al., 1995) and their inability to ingest feed materialgh as
diatoms, blue-green algae due to deformed mouths pasuld contribute to increased
concentrations of periphyton as was observed as Stand 4 (Table 3.1). Information on
individual fitness in an ecosystem can be helpfulvater resources management because, a
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fit and healthy community depends on the level iiebs of constituent individuals.
Therefore, the elevated incidences of deformitiesies 2, 3 and 4 particularly site 3,
indicate an ecosystem not functioning at an optikenal due to impaired individual species
health.

Incidences of deformity varied among genera ofarfomids reported in this study, with taxa
within tribe Chironomini subfamily Chironominae ea®ggsing comparatively higher
incidences of deformities. These taxa are mosttyitdefeeders (Armitaget al., 1995) and
their mouth parts are often in close contact watlisient bound contaminants and, this could
contribute to elevated incidences of deformitiesiffedences in the expression of
morphological deformities among chironomid geneighlight the importance of screening
and tabulating deformities separately for each gerfsuch differences, as previously
mentioned in chapter 4, suggest that the applicaifcChironomidae larvae deformities as a
biological screening tool requires independent resfee or background values for each
genus. However, the different instar stages ofBlamwhich were not considered in this study
could influence the incidences of deformities olsedramong genera. It will be useful in the
future therefore, to investigate relationship betwdeformities and larval instar stages.

Several authors (e.g. Lenat, 1993; Bird, 1997; Ad&i et al., 2010) that have used
deformities in Chironomidae larvae as indicatora@diatic health have focused on the genus
Chironomus. Although this genus is widely distributed and Idoloe useful in assessing water
guality impairments, it may not always be in suffit numbers, especially at relatively clean
sites (Appendix A, Table A9). Therefore it remaingortant to screen deformities in other
genera. The occurrence of deformities in other gesech aJanytarsus sp. Cricotopus sp.1,
Cricotopus trifasciata gr. and Tanypus sp. in the present studlyighlights the importance of
deformities screening in other chironomid genereabee each genus may have different
reference or background levels of deformities, sstjgg different sensitivities to pollutants.
In addition, screening deformities in other chiromtd genera allows for comparison of
sensitivity of different genera in expression ofrptwlogical deformities. Knowledge of
differences in the expression of morphological deftes among chironomid genera could
help in determining sensitivity rating.

Although in Vermeulen’'s (1995) review it was obsstvthat proportional occurrence of
different deformity types shifted somewhat considyeaccording to the type of prevailing
pollution, there has not been any concerted efforink different types of deformity to a
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particular contaminant and there appear to be sdeggee of overlap among different
deformities induced by different types of contamiisa(Janssens de Bisthovetral., 2005;
MacDonaldet al., 2006). However, it has been noted that occurrehceentum gaps, or the
so called Kohn gaps, are characteristics of siv@samninated with heavy metals (Vermeulen,
1995; Groenendijlet al., 1998). Consequently, the occurrence of Kbhn gapsges 2, 3 and

4 in this study is probably indication of possilleavy metal contaminations at these sites
which have been reported from the Swartkops Rivaan earlier study (Binning and Baird,
2001). Furthermore, deformity types such as asymymextra teeth and multiple deformities
that characterised the mentum of chironomid taxsites 4 and 3 which were not seen at site
1 and 2 probably suggest that these types of défesmwere induced by high level of
pollution. Overall, the discriminatory capacity Ghironomidae deformities as biological
screening tool could be enhanced if deformity types severity are linked to different types
of contaminants or levels of concentrations. I&thvere possible, then the occurrence of a
given type of deformity could be trace to the pnegeof a specific type of contaminant. Such
information (i.e. cause and effects relationshipwieen types of deformity and contaminants)
could have profound positive impact in water resear management because it could
determine the types of dominant contaminants ptesewater bodies which may help to
easily pin-point possible point sources of disclkaagsociated with such specific type of
contaminant. To determine cause and effects ralip would require more intensive

sampling and concurrent eco-toxicity testing.

The incidences of deformities observed among strastexamined in this study varied, with
the antenna and mandible experiencing comparatively incidences of deformities
throughout the study periods (Figure 4.1). It hasrbhypothesised however, that antenna and
mandible only express morphological deformities “ary low” and “high” levels of
contaminations respectively (Warwick, 1985 and 3988e occurrence of low incidences of
deformities in the antenna at “heavily” pollutetesihas been attributed to the development
of resistance (Warwick, 1985). The developmentndéanal resistance to contaminants could
affect the utility of antennal deformities as albgical screening tool and increased levels of
antennal deformities at reference sites could aomdanterpretation of results. It is therefore
important to screen deformities in more than onepimological structure in order to make a
definite conclusion whether elevated levels of deftes observed at a site are due to
pollution. However, the mentum, which expresseadeties at all sites, seemed to respond
morphologically at varying levels of pollution pralidy suggesting that it could be a very
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sensitive structure which does not easily develegpistance to pollution. Furthermore,
mandible deformities, similar to the antenna, wals® relatively low throughout the study
period. The mandible is a heavily sclerotized dtree that only expresses morphological
deformities at “high” pollution levels (Warwick, 88), which probably suggest that
mandible could be of great importance in biomoimigrof freshwater resources in cases of

“extreme” pollution.

In order to account for possible seasonal variafi@eme authors (e.g. Serdaal., 2000)
have emphasised the importance of screening ddfesmacross seasons. Although there
were seasonal variations in the community incideneementum, mandible and antennal
deformities, these were not statistically significan the present study. However, there were
fluctuations (though not significant) in the inciees of deformities among seasons. The
community incidences of mentum and antennal detesiwere, in most cases, higher
during spring and summer at each of the four samgplites (Figure 4.1). Increased
temperature during summer is likely to increase ceotrations and bioavailability of
contaminants (Jeyasingham and Ling, 2000), andriahitfes are likely to be elevated during
this season. On the other hand, elevated incidencegformities during spring has been
attributed to spring “overwintering” larvae thaachbeen developing at a slower rate under
low temperature conditions and were therefore esgposuch longer to contaminants
(Jeyasingham and Ling, 2000). Contrary to the mas®ns of Serviaet al. (2000) who
reported high incidences of deformities during wintin the present study, in most cases,
lower incidences of deformities were observed interi and autumn. However, in winter and
autumn, more larvae showed multiple deformitiea gingle individual larva, which probably
suggest more severe responses during these sd&spun®e 4.2). Such severe responses are
likely to be caused by prolonged exposure to coimants as a result of slower rate of larval

development under low temperature conditions.

Previous authors have suggested that incidenceefofmities in chironomid community
exceeding 8% of the total larvae examined shouldtddeen as indication of toxic
contamination (Warwick, 1988; Nazarow al., 2004). However, adoption of such an
arbitrarily designated reference value as a bicklgecriterion could lead to an erroneous
conclusion because of differences in ecologicaldé@mns among aquatic ecosystems and
regions. Also, direct comparison of different conmbes of genera with varying

morphological responses could further lead to eoois conclusions. To resolve these, as
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mentioned earlier in chapter 4, an appropriatereafse sites should be selected for each
study and deformities observed at impacted sitelldhaze objectively compared with those at
the reference site and, if elevated levels of iecas of deformities are observed at impacted
sites after comparison with reference site (e.g. 7' percentile at reference site falls below
25" percentiles at impacted sites), it could then tectided that observed deformities at
impacted sites are probably due to impacts of gofiu

5.6 Application of the Approaches Used in this Study in Integrated Water Resources

M anagement in South Africa

The South African National Water Act (NWA) (Act N86 of 1998) requires sustainable use
of water resources and the protection of aquatasystem health in order to maintain the
integrity of aquatic ecosystems and the water cy@lguatic ecosystems include the water,
biota (both in-stream and riparian), sediments sl and chemical components and their
interactions (Palmer, 1999; Jewitt, 2002). The necthanage the whole aquatic ecosystem
holistically led to the adoption of the Integratéthter Resources Management approach
(NWRS, 2004). Integrated Water Resources Manageifté&iRM) recognised the aquatic
ecosystem as the base from which resources aneedddewitt, 2002) and that its protection
iS necessary in order to achieve the enshrinedciptas of equitable access to water
resources for basic human needs and for other @awelntal purposes (NWA, 1998). IWRM
therefore incorporates the assessments of thegmalocondition of water resources as well
as physical and chemical measurements in the detiion of ecosystem health (Roek

al., 1993; Jewitt, 2002; NWRS, 2004). Assessment ofolgickl communities provide an
“accurate” and “integrated” measurement of an estesy health because biota are subjected
to the totality of anthropogenic influences in ghevironment and integrate their effects over
time (Barbouret al., 1999; Bonadaet al., 2006; Baptisteet al., 2007; Justugt al., 2010).
Macroinvertebrates are well known for their abilioyreflect the environmental conditions in
which they live (Rosenberg and Resh, 1993; Walkace Webster, 1996; Bonaah al.,
2006) and were therefore applied in this study $seas the Swartkops River health

conditions.

Different macroinvertebrate based approaches whclude the South African Scoring
System version 5 (SASS5), a multimetric approadiirddomidae community assessments
and screening of deformities in Chironomidae larwase applied to assess anthropogenic
impacts on the Swartkops River. These approactesed the effects of pollutants on the
Swartkops River macroinvertebrates to be scaleliffatent levels of biological organisation,
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which included sub-organism, organism, populatio @ommunity levels as well as at
different taxonomic resolutions. Out of the fouesisampled during the study period, results
revealed that site 1 was the least impacted witfhdst SASS5 scores and ASPT values,
richness, diversity, equitability and EPT taxa adlas least incidences of deformities. Site 2
could be considered as the next least impactedigther SASS5 scores, richness, diversity
and equitability and lower incidences of defornsitiban sites 3 and 4. SASS5 results (i.e.
SASSS5 scores and ASPT values) revealed that beth 3iand 4 were critically modified but
the multimetric approach, Chironomidae communityseasment and incidences of
deformities in Chironomidae indicated sites 3 &srtiost impacted of the four sampling sites
with least biological diversity, richness, equildapiand highest incidences of deformities.
Overall, all the approaches applied revealed ingpagcosystem health in the Swartkops
River, which has also affected individual speciealtih and fitness.

Based on the results of this study, there is urge®d to improve water quality in the
Swartkops River so as to sustain, or possibly eestore, its ecosystem functions. Specific
management interventions such as investigationoaiptiance of point source discharges,
management of diffuse sources of pollution are ntigeneeded. In addition, regular
monitoring of water quality in the Swartkops Riverrequired. Such regular monitoring
could help in evaluating the success of managesietegies.

5.6 Conclusions

The environmental water quality of the SwartkopseRiis impaired due to anthropogenic

impacts such as industrial and sewage effluenhdrges, run-off from informal settlements

and agricultural activities such as livestock fargaiand has consequently impacted on the
macroinvertebrate communities. SASS5 results redealear evidence of impaired water

quality in the Swartkops River, with site 1 beirge tleast impacted and well discriminated

from sites 2, 3 and 4. Water quality at sites 2n8 4 were critically modified and SASS5

results could not discriminate between all of thiasee sites.

The application of multiple metrics in the presetiidy showed how macroinvertebrate
abundance, composition, richness and diversity wadfected by water quality in the
Swartkops River. This provides information, pardely of subtle differences between the
downstream polluted sites, which would otherwise rhasked if these metrics were
aggregated into a single score. Based on the sestithis study, measures of abundance of

specific groups of macroinvertebrates may be legmrtant in distinguishing the sampling
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sites than richness, composition and diversity. Outhe 10 metrics with satisfactory
discriminating ability, six were able to discrimiea small differences between the
downstream sites and were therefore very sensdivapaired water quality.

Genera and species within the family Chironomida¢he present study displayed varying
degrees of sensitivity to water quality deteriayatand therefore provided evidence of the
bioindication potential of the Swartkops River comomid assemblage. The species level
identification revealed evidence of differencesmater quality at the downstream sites and
indicated site 3 as the most impacted, with sigaiitly low species diversity, richness and
equitability. The results of the study also emp$edithe importance of species level
identification in biomonitoring of freshwater resoes because of the observed species
differences at the four sampling sites, and if @sedevel data were not present, subtle
differences between sites may not be detected., Algh species level data, information of
functional feeding group and food materials is maceurately determined (Armitageat.,
1995). Species within the genGhkironomus are mostly scrapers that feed on organic matter
and algae (Armitaget al., 1995) and were highly abundant at site 3. The higindance of
species within this genus could serve as spedaiflcator of organically enriched site. This is
supported by the comparatively high concentrataffsrze days biochemical oxygen demand
(BODs), nutrients and low dissolved oxygen recordedhéd site. The strong positive
correlations observed between B§)Drthophosphate — phosphorus ¢HR), total inorganic
nitrogen (TIN) andChironomus sp. 1,Chironomus sp. 2 andChironomus sp. 3 (Figure 3.24)
also support this argument. Therefore, speciesl| l@entification could help identify
indicators of specific types of pollution.

The screening of deformities in Chironomidae istipalarly useful because the approach
provided evidence of sub-lethal effects of pollation the Swartkops River chironomid
communities and may serve as early warning indisatd deteriorating water quality.

Morphological deformities also provide indicationf gpecies health and fithess of
chironomids, which could impact on their abilityfeed, and to perform ecological roles such
as serving as a path-way for the transportation witidation of energy and matter in the
Swartkops River. Furthermore, the elevated commundidences of deformities recorded at
sites 2, 3 and 4 are probably indication of possdhlemical contamination of the Swartkops
River, while incidences of deformities recordeds#e 1 are considered early warning
indicators of water quality deterioration. Incidesamf mentum deformities were significantly

higher at site 3, which seemed to support Chirodamicommunity results and multimetric
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approach that have indicated site 3 as the mosadted. The results also revealed the
importance of screening deformities in other chinmind genera other tha@hironomus. The
mentum, of all the structures examined for defaasjtproved useful because it appears to
have a wider range of morphological response, ayapd deformities at all the sampling sites
(i.e. from most to least impacted). In additiore thentum is easy to prepare for examination
and does not require a great deal of technicalithigh microscope magnification (though
this depends on the size of the specimen) to dyatgformities.

In general, the different approaches applied is gtudy provided better understanding of
anthropogenic impacts on the Swartkops River maeestebrates with regard to water
quality. These approaches allowed the effects ghined water quality to be examined at
different biological organisation as well as taxomo resolutions. By applying SASSS5,
biological water quality at each of the sampled sit Swartkops River was determined while
the multimetric approach and Chironomidae speaisitification provided evidence of
marginal water quality differences between sitean8 4 that accounted for differences in
species compositions at these sites. The multitnapproach also provided an insight to
how deterioration in environmental water quality feafs different aspects of
macroinvertebrate communities such as richnesspasition, abundance and diversity. The
approach revealed that richness (particularly of EEhness), diversity and equitability were
the most affected by water quality deteriorationlesbundance and composition were the
least affected. Species identification also rewedlgat genusChironomus was the most
tolerant of all the chironomids sampled and cowdve as an indicator of organically
polluted sites. The deformities in Chironomidaeesied in this study provided indication of
possible toxic contamination of the Swartkops Riged also reflected individual species
health or fithess at each of the sampled sites.

Based on the results of this study site 3, beiegnbst impacted by anthropogenic activities,
should be prioritised for restoration by water eses managers and concerted efforts be
made to investigate compliance of point source hdisges and management of diffuse
pollution sources at the site. Water resourcesoratsbn goals could also be set for the
Swartkops River based on results of this study. @hsuch is to ensure that mitigation
measures are in place until macroinvertebrategsliye richness, equitability and EPT taxa
reappear, and incidences of chironomid deformdiep, to a level reasonably comparable to
site 1.
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5.7 Recommendations

The following recommendations are made for the psepof incorporating the outcomes of

this study in the implementation of Integrated W&esources Management (IWRM) of the

Swartkops River, and for further research.

1)

2)

3)

4)

5)

The six metrics namely: EPT richness, Shannon siltyemdex, Simpson diversity
index, Margalef's family richness index, equitalyiiand % Chironomidae +
Oligochaete, which were able to distinguished subtfferences between sites 2, 3
and 4 should be included with SASS5 in routinenmaitoring of the Swartkops
River.

Results from this study show that the different faoblies within the family
Chironomidae respond differently to water qualihanges. Because identification of
chironomid to the sub-families is relatively eagmicarry out than genus and species,
the sensitivity of sub-families to water qualitypairment should be investigated on a
wider geographical scale with a view to possiblitspg the family Chironomidae
into sub-families on the SASS score sheet and ttiege sub-families be assigned
appropriate sensitivity scores in SASS. Althougis thight make SASS less rapid,
the benefits of obtaining more relevant scores neede balanced against the
additional identification time.

For improved management of freshwater resourcegesmg of deformities in
chironomids should be incorporated into the SoufficAn national River Health
Programme, and the possibility of extending thehmétto other macroinvertebrate
groups be investigated.

In cases where time and other resources do notitpexaminations of deformities in
other structures, the mentum should be used becaliges ability to respond
morphologically to different levels of pollutionn laddition, it is easy to prepare for
examination and does not require great deal ohieahty to quantify deformities.

In order to improve the discriminatory capacity @fironomidae deformities as a
biological screening tool, concerted efforts shooddmade to link different types of
deformity and severity to possible causal agergs,specificity of a cause and effect
relationship. Such investigation could help to ®late whether a particular type of
contaminant could induce specific type of deformifycause and effect relationship
is well established, mitigation measures will bé&tdredirected towards specific cause
of observed water quality impairment.
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6) Although the present study provides evidence of bioindication potential of the family
Chironomidae, their application in biomonitoring of freshwater resources should be

considered along with available resources in terms of personnel, time and funds as
well as priorities.
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APPENDICES

Appendix A: Number of macroinvertebratesfor each replicates of SASSS biotopes, relative abundance of chironomids, and IHAS scores
at the four sampling sitesduring the four sampling seasons.

Table Al: Number of macroinvertebrates for eachigafes of the three SASS5 biotopes during sprimd) summer at site 1 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Haae 3

Spring Summer
Taxon S1|S2|S3|V1 V2 V3 Gl G2 S1 S2|S3| V1 V2 V3 Gl G2 G3
ANNELIDA
Oligochaeta 3| 4| 8| 1 4 15 L 1 7 18
Hirudinea 1 1 1 1
EPHEMEROPTERA
Leptophlebidae 1
Baetidae 1] 5| 2 3 4 6 2 2 2 8 4
Baetidae > 2sp 28 26 24
ODONATA
Coenagrionidae 2] 1 17 8 12 1 3 2 16 4 11 1 1
Aeshnidae 1 1
Gomphidae 1 2
Libellulidae 5| 5] 11 10 19
Chlorolestidae 1 2| 2| 1 3 5
Belostomatidae 2 1
Naucoridae 7
Nepidae 1
Pleidae 4
Veliidae 1 10 4 11
Gerridae 2
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=
N
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Spring

Summer

S1

S2

S3

V1

V2

V3

Gl

G2

S1

S2

S3| V1

V2

V3

Gl

G2

G3

TRICHOPTERA

Ecnomidae

Hydropsychidae

Hydropsychidae >2sp

63

65

10

Leptoceridae

COLEOPTERA

Dytiscidae

Gyrinidae

Hydraenidae

Hydrophilidae

Elmidae

DIPTERA

Ceratopogonidae

Chironomidae

83
:
3

71

52

68

13

55

18

19

4%

» 30

18

32

13

Culicidae

Muscidae

Simulidae

13

28

56

17

37

Tabanidae

GASTROPODA

Ancylidae

H

Lymnaeidae

N

N

»

15

22

Physidae

[ —
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Table A2: Number of macroinvertebrates for eacHicafes of the three SASS5 biotopes during autunthwvainter at site 1 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Autumn

Winter

Taxon

S1| S2

S3

V1

V2

V3

Gl

G2

G3

S1

S2

V1

V2

V3

Gl

G2

G3

ANNELIDA

Oligochaeta

Hirudinea

CRUSTACEA

Potamonautida

EPHEM EROPTERA

Baetidae

11

1(

14

10

Baetidae > 2sp

16

17

ODONATA

Coenagrionidae

Aeshnidae

Cordulidae

Gomphidae

Libellulidae

Chlorolestidae

LEPIDOPTERA

Pyralidae

HEMIPTERA

Corixidae

Naucoridae

Veliidae

Gerridae
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Autumn

Winter

Taxon

S1

S2

S3

V1

V2

V3

Gl

G2

G3

S1

S2

V2

V3

Gl

G2

G3

TRICHOPTERA

Ecnomidae

Hydropsychidae

Hydropsychidae 2sp

10

COLEOPTERA

Dytiscidae

Gyrinidae

Hydrophilidae

Elmidae

DIPTERA

Ceratopogonidae

Chironomidae

64

26

)11

10

27

19

18

25

48

22

50

35

Culicidae

Muscidae

Simulidae

60

25

164

25

26

12

24

Anthericidae

GASTROPODA

Lymnaeidae

13

Physidae

190




Table A3: Number of macroinvertebrates for eachigafes of the three SASS5 biotopes during sprimd) summer at site 2 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Spring Summer

Taxon S1 S2 S3 Vi| V2 V3 Gl G G3 §1 %2 SB ML M2 M3l [ G2 | G3

ANNELIDA

Oligochaeta 13 16 17 4 6 10 2p 22 5 18 B (i 10 1)) 18 12

L5

Hirudinea 5 6 2 3 1 1 3 1

CRUSTACEA

Potamonautida 2 1 1

EPHEM EROPTERA

Baetidae 2 1 1 1 9 13 30 16 4 7

Baetidae 80

ODONATA

Coenagrionidae 1 6 35 16 2P 1 3 5 2 16 9 7 6

Lestidae 3

Aeshnidae 1 1 3

Cordulidae 2 4

Gomphidae 2 1

Libellulidae 1 5 6 4 1 1 1

HEMIPTERA

Belostomatidae 3 20 10 2

Corixidae 29 19 20 74 33 17 53 9p51

Naucoridae 2

COLEOPTERA
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Sprin

Summer

Taxon

S1

S2

S3

V1

G3

g1

b2

G2

G3

Dytiscidae

[ —

22

(@]

Gyrinidae

Hydraenidae

Hydrophilidae

Elmidae

DIPTERA

Ceratopogonidae

Chironomidae

128

148

50

28

13

766

8124

98

156

187

220

Culicidae

18

15

Muscidae

Simulidae

15

59

Tipulidae

GASTROPODA

Ancylidae

17

Physidae

24

10

15

22

45
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Table A4: Number of macroinvertebrates for eacHicafes of the three SASS5 biotopes during autunthwvainter at site 2 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Autumn Winter
Taxon S1|S2/S3|vl |V2 |V3 |Gl | G2 G3 | S1 SPS3|Vv1l (V2 |Vv3 |Gl | G2 | G3
ANNELIDA
Oligochaeta 1 5 18| 13 18 o 21 28 2 41
Hirudinea 1 1| 3| 3 1 1 1
CRUSTACEA
Potamonautida 1 1
EPHEM EROPTERA
Baetidae 37 21 47 10 24
Baetidae > 2sp 72 128 136 79
ODONATA
Coenagrionidae 6 17 8 5 1 1 1
Aeshnidae 3 2 1
Gomphidae 1
Libellulidae 1 1 1
HEMIPTERA
Belostomatidae 10 1 3 1 2
Corixidae 5 6| 2| 2 60| 85 136 1 2
Nepidae 1 1 1
Notonectidae 6 2 2 5 4 1
Veliidae 9 6
Gerridae 2
COLEOPTERA
Dytiscidae 1] 15 2 2 3 7 3 1 1
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Autumn

Winter

Taxon

S1

S2

S3

V1

V2

V3

Gl

G2

G3

S1

V1

V2

V3

Gl

G2

G3

Elmidae

DIPTERA

Ceratopogonidae

24

[\

(@8]

Chironomidae

123

» 43

74

78

17

18

75

25

10

11

Culicidae

10

Simulidae

Psychodidae

Tabanidae

GASTROPODA

Ancylidae

Physidae
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Table A5: Number of macroinvertebrates for eachigafes of the three SASS5 biotopes during sprimd) summer at site 3 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Spring Summer
Taxon S1| S2| S3] Vi V2 V3 Gl G2 G3 S1 $2 $3 Vi1 V2 VI3G1
ANNELIDA
Oligochaeta 21050 | 48 | 62 42 12 24 3 2 2
Hirudinea 4 10 3 21 4 1 7
EPHEMEROPTERA
Baetidae 1 1
ODONATA
Coenagrionidae 1 2 7 12 3 2
Aeshnidae 1
Libellulidae 3
HEMIPTERA
Belostomatidae 26 3 1

Corixidae 1 1 1 12

Notonectidae 5 23 19 38 11 27

TRICHOPTERA

Ecnomidae 2

Hydropsychidae 3 4

COLEOPTERA

Dytiscidae 4

Hydrophilidae 6

Elmidae 4

DIPTERA

Chironomidae 279137]405]| 21 25 29 75 62 19 415329 410 462 | 94 485 | 362
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Spring Summer
Taxon S1| S2| S3] Vi V2 V3 Gl G2 G3 S1 $2 §$3 3G1
Culicidae 17| 8 18] 1 1 3 2 1 5
Muscidae
Psychodidae 4
GASTROPODA
Physidae 6 5 16 1 11
Planirbidae 1
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Table A6: Number of macroinvertebrates for eacHicafes of the three SASS5 biotopes during autunthwvainter at site 3 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Autumn Winter

Taxon S1|] 82| S3 Vi V2 V3 Gl G2 SiI  §2

N

53 V1 \44 V3 Gl

ANNELIDA

Oligochaeta 30 100 6 3 5

Hirudinea 56 1 3 9

ODONATA

Coenagrionidae 1 2 6

Aeshnidae 1 1 1

Belostomatidae 10 5 18 7 3

Corixidae 1 1 1

Notonectidae 10 1 14 43 2 1

Veliidae 1 1

COLEOPTERA

Dytiscidae 1 3 10 2 1 1

Gyrinidae 1

DIPTERA

Chironomidae 282310| 245|261 | 89 6 17 589402 208|161 | 182 | 141 | 70

Syrphidae 9 1

Culicidae 47 6 11 12 6 4 11 4

Psychodidae 1 1

GASTROPODA

Physidae 1
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Table A7: Number of macroinvertebrates for eachicafes of the three SASS5 biotopes during sprim) summer at site 4 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Spring Summer
Taxon S1 S2| S3| V1 V2 V3 Gl G2 G3 S1| S22 S3vl |V2 (V3 |Gl| G2| G3
ANNELIDA
Oligochaeta 5612 (72 |4 2 121 | 61 152 51/ 10 40 112| 166 | 220
Hirudinea 17| 13|18 | 13 9 8 37 15 34 1
EPHEMEROPTERA
Baetidae 1
ODONATA
Coenagrionidae 2
Aeshnidae 1
HEMIPTERA
Belostomatidae 1
Corixidae 3 2 6 1 8
Pleidae 2 1
Veliidae 1
COLEOPTERA
Dytiscidae 1 1 4 1

Hydrophilidae 1 3 1

Elmidae 4

DIPTERA

Chironomidae 4| 3| 3| 7 7 8 3 1 2 18 2 10 1 24 | 60| 31

Culicidae 11 1

Ephydridae 1

Muscidae 2
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Spring Summer
Taxon S1 S2| S3| V1 V2 V3 Gl G2 G3 S1| S22 S3vl |V2 (V3 |Gl| G2| G3
Simulidae 5 1
GASTROPODA
Physidae 4 19 2 15 1
Planorbidae 6 1 2
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Table A8: Number of macroinvertebrates for eacHicafes of the three SASS5 biotopes during autunthwvainter at site 4 in the Swartkops
River. Abbreviation: Biotopes: S = stone (stoneand out- of current), V = vegetation (marginal awgiatic) and G = gravel, sand and mud
(GSM). Numbers attached to biotopes representcadpk: 1 = replicate 1, 2 = replicate 2 and 3 Hiaae 3

Autumn Winter
Taxon S1 S2| S3| V1 V2 V3 Gl G2 | G3 S1| S22 S3 Vi VP V3 Gl G2 GB
ANNELIDA

Oligochaeta 43 52| 45 37 82 | 50 18 3 17 2 4 3
Hirudinea 13 58§ 39 3 1p 3 3 65 59

EPHEM EROPTERA

Baetidae 1
ODONATA

Coenagrionidae 2
Aeshnidae 2 1
HEMIPTERA
Belostomatidae 1 1 6 1 2
Notonectidae 1
COLEOPTERA
Dytiscidae 4
Hydrophilidae 1
Helodidae 1
DIPTERA
Chironomidae 41 2 1 15 6 10 4 12
Syrphidae 2 1

Culicidae 108| 63 1 6 3 1 1
Muscidae 1 2 1

)
w

[a%)
N

3
\]

B0 7D 2386 35 89 107
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Autumn Winter
Taxon S1S2|S3(vl |Vv2 (V3 |Gl G2 | G3 | S1f S2Z S3 V1 V3 Gl G2 G
GASTROPODA
Physidae 1 4
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Table A9: Percentage relative abundance and disivib of chironomids sampled during the samplingss@s at each of the sampling sites in
the Swartkops River. Abbreviations: Spr = springmS= summer, Aut = autumn, Wint = winter

Sitel Site 2 Site 3 Site4
Taxon Spr | Sum | Aut| Wing Spr | Sum | Aut | Wint| Spr| Sum Aut| Wint Spr| Sum Aut | Wint
Orthocladiinae
Cricotopus sp.1 36.6 | 36.48 13.04| 2.87 | 25.5 0.7 2.22
Cricotopus trifasciata
ar. 10.46| 32.43| 53.62| 34.8 | 52.6 2.94 8.89
Paratrichocladius sp. | 2.29 0.41, 4.56 2.22
Nanocladius sp. 1.31 0.61
Cardiocladius sp. 458 | 2.03 1.23 0.77
Orthocladius sp. 12.0910.14| 7.97 | 4.92| 7 1.82| 0.45 8.89
Parakiefferiella sp. 0.33 0.3
Eukiefferiella sp. 1.96 0.61

Chironominae

Tribe Chironomini

Dicrotendipes sp. 0.68 7.3| 32.593.14 0.19 1.07 | 0.21 | 0.39 4.44] 1.45 1.1p

Cryptochironomus sp. | 0.32

Chironomus sp.1 1.45 1.22 10.77| 67.71| 89.29| 98.5| 79.91| 91.53| 91.7 | 57.78 69.6 | 95.83 91.24
Chironomus sp.2 0.68 | 0.72 434 7.62 10.71 13.19/6.57 | 7.72 19.6 4.94
Chironomus sp.3 0.72 2.69 5.06 1.69 2.9 2.47

Polypedilum sp. 15.03 2.9 3.28| 0.3 6.67

Kiefferulus sp. 0.33 14.27 3.59 1.3

Microchironomus sp. 0.73 3.14 4.16
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Site 1 Site 2 Site 3 Site4
Spr Sum | Aut | Wint] Spr| Sum| Aut Wint Spr Sum Aut Wint Spr| Sum| Aut Wint
Tribe Tanytarsini
Rheotanytarsus sp. 0.68
Paratanytarsus sp. 0.56
Cladotanytarsus sp. 0.33 1.23 1.12 0.1 2.2P
Tanytarsus sp. 4.9 9.46 | 15.22 48 6.67 0.2
Tanypodinae
Ablabesmyia sp. 7.19 | 7.43 2.03 0.14 6.52
Coelotanypus sp. 0.33
Procladius sp. 0.33
Trissopelopia sp. 0.98
Clinotanypus sp. 0.65
Tanypus sp. 3.62 | 1.23 30.77 11.6
Number of taxa 18 9 10 9 10 |11 8 2 3 5 4 4 9 5 2 5
Total number of
chironomids 306 |148 143 |122 |329 |715 |223 |28 540 | 652 |472 |518 |45 138 |24 435
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Appendix B: Summary and full descriptions of deformitiestypes recorded among chironomids taxa during the four sampling seasons at

the four sampling sitesin the Swartkops River

Table B1: Summary of incidences (%) of mentum,lgand antennal deformities among chironomid tamapded at the sites 1 and 2 during
spring. Numbers in parentheses are percentagentdorhile numbers outside parenthesis are actuabers of larvae deformed

Sitel Site 2
Taxa No. Mentum | Ligula | Antenna | Mandible | No. | Mentum Ligula | Antenna. | Mandible
Orthocladiinae
Cricotopus sp.1 112 | 5(4.46) 6 (5.36)| 1(0.89) 84 13 (15.48) (3537) | 6(7.14)
Cricotopustrifasciatagr. | 32 1(3.13) 17312 (6.94) 4 (2.31)
Paratrichocladius sp. 7 15
Nanocladius sp. 4 2
Eukiefferiella sp. 6 2 1 (50)
Cardiocladius sp. 15 2 (13.33
Parakiefferiella sp. 1 1
Orthocladius sp. 45 3 (6.67) 2 (4.44) 23 3(13.04) 3(13.0
Chironominae
Tribe Chironomini
Chironomus sp. 4 1 (25)
Dicrotendipes sp. 24 | 4 (16.67) 2 (8.33)
Kiefferulus sp. 1
Polypedilum sp. 46 7 (15.22 2(4.35) | 2(4.35) 1
Cryptochironomus sp. 1

4)
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Sitel Site 2
Taxa No. Mentum | Ligula Antenna | Mandible | No. Mentum | Ligula | Antenna. | Mandible
Tribe Tanytarsini
Tanytarsus sp. 15 1 (6.67) 1 (6.67)
Cladotanytarsus sp. 1
Tanypodinae
Ablabesmyia sp. 26 2 (7.69) 3 (6.67)
Coelotanypus sp. 1
Procladius sp. 1
Trissopelopia sp. 3
Clinotanypus sp. 2
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Table B2: Summary of incidences (%) of mentum,lagand antennal deformities among chironomid taapded at the sites 3 and 4 during

spring. Numbers in parentheses are percentagentiedorhile numbers outside parenthesis are actmabers of larvae deformed

Site 3 Site4
Taxon No. Mentum Ligula | Antenna | Mandible | No. Mentum | Ligula | Antenna. | Mandible
Orthocladiinae
Cricotopus sp.1 1
Cricotopus trifasciata gr. 4 1 (25)
Paratrichocladius sp. 1
Orthocladius sp. 4 1 (25)
Chironominae
Tribe Chironomini
Chironomus sp. 532 | 115 (21.62) 36 (6.88838 (7.27) | 26 3 (11.54)
Dicrotendipes sp. 1 1 (100) 1 (100) 2 1 (50)
Kiefferulus sp. 4
Polypedilum sp. 3 3 (100)
Tribe Tanytarsini
Tanytarsus sp. 3 1(33.33
Cladotanytarsus sp. 1
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Table B3: Summary of incidences (%) of mentum,lagand antennal deformities among chironomid taapded at the sites 1 and 2 during
summer. Numbers in parentheses are percentagersefarhile numbers outside parenthesis are actualbers of larvae deformed

Site 1l Site 2
Taxon No. | mentum | ligula | antenna | mandible | No mentum Ligula | antenna mandible
Orthocladiinae
Cricotopus sp.1 54 2 (3.7) 3 (5.56) 5
Cricotopustrifasciata gr. 48 4 (8.33) 4 (8.33) 21 1 (4.76)
Cardiocladius sp. 3
Orthocladius sp. 15 1 (6.67) 13
Chironominae
Tribe Chironomini
Dicrotendipes sp. 1 233 28 (12.02 21 (9.01) 8 (3.43
Chironomus sp.1 1 77 9 (11.69) 4 (5.2)
Chironomus sp.2 31 3 (9.68)
Kiefferulus sp. 102 3 (2.94) 1 (0.98) 1 (0.98
Tribe Tanytarsini
Rheotanytarsus sp. 1
Paratanytar sus sp. 4
Cladotanytarsus sp. 8
Tanytarsus sp. 14 1(7.14)
Tanypodinae
Ablabesmyia sp. 11 1 (9.09) 1
Tanypus sp. 220 17 (7.73) 17 (7.73) 3(1.36

208



Table B4: Summary of incidences (%) of mentum,lgand antennal deformities among chironomid tamapded at the sites 3 and 4 during
summer. Numbers in parentheses are percentagersefarhile numbers outside parenthesis are actualbers of larvae deformed

Site 3 Site4
Taxon No | mentum ligula | antenna | mandible | No. | mentum Ligula antenna | mandible
Orthocladiinae
Cardiocladius sp. 5
Chironominae
Tribe Chironomini
Dicrotendipes sp. 7 1(14.29) 6 (85.71)| 2
Chironomus sp.1 521 | 93 (17.85) 14 (2.69) 36 (6.91 96 16 (16.67) 7 (7.29)
Chironomus sp.2 86 | 10 (11.63) 4(4.65)| 2(2.33) 27 3(11.11) 1(3.7)
Chironomus sp.3 33 | 13 (39.39) 2 (6.06) 4 4 (100)
Tanypodinae
Ablabesmyia sp. 9 1(11.11
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Table B5: Summary of incidences (%) of mentum,lagand antennal deformities among chironomid taapded at the sites 1 and 2 during
autumn. Numbers in parentheses are percentagardafowhile numbers outside parenthesis are actuabers of larvae deformed

Site 1l Site 2
Taxon No. mentum Ligula | antenna mandible | No. mentum | Ligula antenna | mandible
Orthocladiinae
Cricotopus sp.1 18
Cricotopus trifasciata
gr. 74 7 (9.46)
Orthocladius sp. 11 1
Chironominae
Tribe Chironomini
Dicrotendipes sp. 7 1(14.29
Chironomus sp.1 2 151 16 (10.6) 6 (3.97) 1(0.66
Chironomus sp.2 1 17 1 (5.88)
Chironomus sp.3 1 6
Polypedilum sp. 4
Kiefferulus sp. 8 1(12.5)
Microchironomussp. |1 7 1(14.29
Tribe Tanytarsini
Tanytarsus sp. 21 1 (4.76)
Tanypodinae
Ablabesmyia sp. 5
Tanypus sp. 5 26 4 (15.39
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Table B6: Summary of incidences (%) of mentum,lagand antennal deformities among chironomid taapded at the sites 3 and 4 during

autumn. Numbers in parentheses are percentagevséfarhile numbers outside parenthesis are actmabers of larvae deformed

Site 3 Site4
Taxon No. mentum Ligula | antenna mandible | No. mentum | Ligula antenna | mandible
Chironominae
Tribe Chironomini
Dicrotendipes sp. 1
Chironomus sp.1 432 64 (14.81) 14 (3.24)| 21 (4.86 23 3 (13.04) 2 (8.7)
Chironomus sp.2 31 6 (19.36)
Chironomus sp.3 8 3 (37.5) 1(12.5)
Microchironomus sp. 1
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Table B7: Summary of incidences (%) of mentum,ligand antennal deformities among chironomid tamapded at the sites 1 and 2 during
winter. Numbers in parentheses are percentagerdetbwhile numbers outside parenthesis are actuabers of larvae deformed

Site 1l Site 2
Taxon No. mentum | ligula | antenna | mandible | No. mentum | ligula | antenna | mandible
Orthocladiinae
Cricotopus sp.1 7
Cricotopus trifasciata
gr. 85 2 (2.35)
Paratrichocladiussp. | 1
Cardiocladius sp. 3
Orthocladius sp. 12
Chironominae
Tribe Chironomini
Chironomus sp.1 25 3(12) 14
Chironomus sp.2 3 1 (33.33
Polypedilum sp. 8 1 (12.5)
Tribe Tanytarsini
Tanytarsus sp. 117 5 (4.27) 3 (2.56
Cladotanytarsus sp. 3
Tanypodinae
Tanypus sp. 3
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Table B8: Summary of incidences (%) of mentum,lgand antennal deformities among chironomid tamapded at the sites 3 and 4 during
winter. Numbers in parentheses are percentagerdetbwhile numbers outside parenthesis are actuabers of larvae deformed

Site3 Site4

No. mentum | ligula | antenna | mandible | No mentum | Ligula | antenna | mandible
Taxon
Orthocladiinae
Nanocladius sp. 5
Cardiocladius sp. 1
Chironominae
Tribe Chironomini
Dicrotendipes sp. 2

64 41

Chironomus sp.1 475 (13.47) 3(0.63)] 1(0.21)| 406 | (10.1) 3(0.74)] 3(0.74)
Chironomus sp.2 40 7 (17.5) 12 1(8.33
Chironomus sp.3 11 1 (9.09)
Tribe Tanytarsini
Cladotanytarsus sp. 1
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Table B9: Number and description of mentum andldigleformities recorded among chironomid taxa atftur sampling sites during spring.
Biotopes replicates are also shown

Biotope Types of No. of individual
Site replicate | Genus deformity Description showing defor mity
Stone 1 | Cricotopus sp.1 fused teeth fused fifth and sixth lateral teeth 1
Tanytarsus sp. missing teeth missing first right lateral teeth 1
Orthocladius sp. fused teeth fused fourth, fifth and sixth righelatl teeth 1
Cricotopus sp.1 split tooth split median tooth 1
Site 1 Stone 2 | Cardiocladius sp. worn tooth worn median tooth 2
Stone 3 | Cricotopus sp.1 fused teeth fused fourth, fifth and sixth latessdth 1
Ablabesmyia sp. split tooth split left inner tooth 1
split tooth split median tooth 1
Cricotopus sp.1 fused teeth fused left lateral teeth 1
Polypedilum sp. split tooth split left outer median tooth 1
Veg. 1 Ablabesmyia sp. split tooth split right outer tooth 1
fused second to sixth left lateral teeth 1
all left lateral teeth fused with first lateral tee 1
fused teeth fused fifth and sixth right lateral teeth 1
missing outer median tooth 2
missing sixth right lateral teeth and third toHifieft
Polypedilum sp. missing teeth | lateral teeth 1
fused teeth fused fifth and sixth left lateral keet 1
missing teeth missing sixth left lateral teeth 1
Veg. 3 Orthocladius sp.
Site 2 missing teeth missing second left lateral teeth 1
Stone 2 | Cricotopus sp.1 missing third lateral teeth 1
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Kohn gap

gaps on the median teeth

fused teeth

fused fifth and sixth left lateral keet

fused first and second left lateral teeth

split tooth split first lateral teeth

lateral gap lateral gap on left lateral teeth
Cricotopus first and second right lateral teeth fused
trifasciata gr. fused teeth fused fifth and sixth right lateral teeth
Cricotopus sp.1 fused teeth fused third, fourth, fifth and sixtght lateral teeth
Cricotopus Kohn gap gaps on the median teeth
trifasciata gr. fused teeth fused fourth, fifth and sixth left laldeeth

Orthocladius sp.

fused teeth

fused fifth and sixth left lateral keet

Stone 1 | Chironomussp. 1 split tooth split median tooth
Veg. 2 | Dicrotendipes sp. fused teeth fused first and second left laterdahtee
Cricotopus
trifasciata gr. split tooth split first lateral teeth
lateral gap gaps in left lateral teeth
fused fifth and sixth right lateral teeth
Cricotopus sp.1 fused teeth fused first and second right lateral teeth
Orthocladius sp. fused teeth fused fifth and sixth right laterathee
Veg. 3 Eukiefferiella sp. fused teeth fused fourth and fifth lateral teeth
Cricotopus
triafasciata gr split tooth split left median tooth
Stone 2 | Dicrotendipes sp. missing teeth fifth and sixth left lateral teetrsging
fused teeth fused fifth and sixth left lateral keet
Cricotopus
GSM 3 | triafasciata gr
Site3 Asymmetry asymmetry between first lateral teeth
Stonel | Chironomussp. 1 fused teeth fused fifth and sixth left lateral keet
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fused lateral teeth 1
fused third and fourth right lateral teeth 6
fused fourth, fifth and sixth lateral teeth 1
fused third and fourth left lateral teeth 1
missing sixth right lateral teeth and third toHifieft
lateral teeth 1
missing teeth | missing first right lateral teeth 1
split first left lateral teeth 1
split median tooth 1
split tooth split first right lateral teeth 1
Others distortion in the basic configuration of moen 1
Extra teeth extra teeth on left lateral teeth
fused teeth fused outer median and first lateethte 3
Veg. 1 Chironomus sp. 1 split tooth split median tooth 1
fused teeth fused fourth, fifth and sixth left aight lateral teeth 1
missing teeth missing sixth left lateral teeth
Veg. 2 Chironomus sp. 1 split tooth split median tooth 1
missing outer median tooth 1
missing fifth left lateral tooth 1
missing sixth left lateral teeth 1
missing teeth | missing first right lateral teeth 1
Extra teeth extra tooth on median tooth
lateral gap lateral gap on left lateral teeth
fused teeth fused first and second right lateethte 1
GSM1 Chironomus sp. 1 Kohn gap gaps on the median teeth
Asymmetry asymmetry between first lateral teeth
fused fifth and sixth left lateral teeth 1
Stone 3 | Chironomus sp. 1 fused teeth fused lateral teeth 4
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fused third and fourth right lateral teeth 2
fused fourth, fifth and sixth lateral teeth 1
fused third and fourth left lateral teeth
missing sixth right lateral teeth and third toHifeft
missing teeth | lateral teeth 12
missing first right lateral teeth 4
split first left lateral teeth 4
split median tooth 3
split tooth split first right lateral teeth 2
Kohn gap gaps in the median teeth of the mentum
Others distortion in the basic configuration of moen 1
extra tooth extra tooth on the central median tooth 2
Dicrotendipes sp. Kohn gap gaps in the median teeth of the mentum
Asymmetry asymmetry between first lateral teeth
fused fifth and sixth left lateral teeth 2
. fused lateral teeth 1
Stone 2| Chironomus sp. 1 fused third and fourth right lateral teeth 2
fused fourth, fifth and sixth lateral teeth 3
fused teeth fused third and fourth left lateral teeth 1
missing sixth right lateral teeth and third leftelal
teeth 1
missing teeth | missing first left lateral teeth 1
split first left lateral teeth 1
split median tooth 2
split tooth split first right lateral teeth 1
Kohn gap gaps in the median teeth of the mentum
extra tooth extra tooth on the central median tooth 2
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missing central median tooth and second left lhfera

_ missing teeth | teeth 1
Chironomus sp. 1 missing sixth left lateral teeth 1
fused fifth and sixth left lateral teeth 1
fused teeth fused fourth and fifth right lateral teeth 1
lateral gaps gaps in the left lateral teeth 1
GSM 2 split tooth split median tooth 1
split tooth split median and first right latera¢tle 1
GSM 3 | Chironomussp. 1
Veg. 2 Polypedilum sp. split tooth split median tooth 1
Site4 | Veg. 3 Polypedilum sp. split tooth split median tooth 2
fused teeth fused fifth and sixth left lateral keet 1
all left lateral teeth fused with first laterabth 1
Chironomus sp. 1 extra teeth two extra teeth on central median tooth 1
Veg. 1 Tanytarsus sp. fused teeth all left lateral teeth fused with fiegeral tooth
fused teeth fused fifth and sixth left lateral keet 1
Stone 3 | Orthocladius sp.
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Table B10: Number and description of mentum andldigdeformities recorded among chironomid taxahat four sampling sites during
summer. Biotopes replicates are also shown

biotope No. of individual
Sites | replicate | Genus Defor mity type Description showing deformity
Cricotopus
Sitel | Stonel | trifasciata gr. fused teeth first and second right lateral teesiedu 1
split tooth split first lateral tooth 1
Ablabesmyia sp. | split tooth split inner tooth 1
Cricotopus
stone 2 | trifasciata gr. missing teeth missing sixth lateral tooth 1
fused teeth fused fifth and sixth lateral teeth 1
GSM2 Cricotopus sp. 1 | missing teeth missing fourth, fifth and sixth liefteral teethl 1
missing fifth right lateral tooth 1
Site2 | Veg. 2 | Kiefferulussp. | split split median tooth 1
missing teeth missing fifth left lateral tooth 1
Dicrotendipes
sp. missing teeth second left lateral tooth missing 1
missing first and second right lateral teeth| 1
missing second right lateral tooth 1
split tooth split fourth left lateral tooth 1
Veg. 1 Kiefferulus sp. missing teeth missing fifth left lateral tooth 1
Dicrotendipes
sp. missing teeth second right lateral tooth missing 2
missing first and second right lateral teeth| 1
missing second right lateral tooth 1
split tooth split fifth left lateral tooth 2
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Dicrotendipes

Veg. 3 | sp. missing teeth sixth left lateral tooth missing
missing first and second right lateral teeth| 1
missing second right lateral tooth
GSM 1 | Tanypus sp. split tooth split inner tooth
fused teeth fused outer and middle teeth
fused outer and inner left tooth
missing teeth missing two outer teeth
asymmetry asymmetry between the two inner teeth | 1
Cricotopus
trifasciata gr. missing teeth missing first and second right ldteseth
missing first left lateral tooth ( fused fourth
Chironomus sp.1| missing teeth fifth and sixth lateral teeth)
GSM 2 | Tanypus sp. missing teeth missing left inner tooth
missing left outer tooth
split tooth split outer right tooth
GSM 3 | Chironomus sp.1| fused teeth fused fourth, fifth and sixth righelatl teeth
missing teeth missing outer median tooth
Tanypus sp. split tooth split outer right tooth
split outer left tooth
Dicrotendipes
Stone 2 | sp. worn tooth loss scleretization of the median tooth 1
fused teeth fourth and fifth left lateral teet 1
missing teeth second right lateral tooth mgsin 1

Chironomus sp.1

fused teeth

fourth, fifth and sixth right lateraéth fused

Chironomus sp.2

fused teeth

fused fourth and fifth left lateralkee
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Stone 1 | Chironomus spl | fused teeth all three median teeth fused
extra tooth two extra median teeth
split right median and first and second |
split tooth lateral teeth
Cricotopusspl | Kohn gap Kohn gap
Dicrotendipes
Stone 3 | sp. worn tooth loss scleretization of the mediantho
fused teeth fourth and fifth left lateral teet
missing teeth second right lateral tooth mgsin
missing first left lateral tooth
split tooth split sixth left lateral tooth
extra tooth median tooth
Kohn gap Kohn gap
Chironomus sp.1| fused teeth fourth, fifth and sixth right lateraéth fused
Chironomus sp.2 | missing teeth missing sixth lateral tooth
extra median tooth, missing tooth and fu
Site3 | Stone 1 | Chironomus sp.1| extra tooth tooth
split tooth split fourth left lateral tooth
split second left lateral teeth
asymmetry asymmetry between right and lédréd teeth
Chironomus
sp.3 split tooth split right third lateral teeth
Chironomus sp.
2 split tooth split central median tooth
fused teeth fused first and second latesdhte
Stone 2 | Chironomus sp.1| Kohn gap Kohn gap (twisted median tooth)
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split tooth

split first right lateral tooth

fused teeth fused fifth and sixth right lalé¢eeth 2
missing teeth missing sixth lateral tooth
Chironomus sp.3| missing teeth missing sixth and fifth left latetedth 9
extra median tooth, missing tooth and fuged
Stone 3 | Chironomus sp.1| extra tooth tooth 2
split tooth split fourth left lateral tooth
split second left lateral teeth
asymmetry asymmetry between right and |édréd teeth| 2
Kohn gap Kohn gap
fused teeth fused third and fourth left latéeeth 3
Chironomus
sp.3 split tooth split right third lateral teeth
Chironomus sp.2 | split tooth split central median tooth
fused teeth fused first and second latesdhte 2
Chironomus spl| missing teeth missing fourth, fifth and sixth liefteral teethl 2
missing sixth lateral teeth
split tooth split first right lateral teeth
Veg. 1 [ Chironomussp.1| missing teeth missing sixth left lateral teeth
missing third lateral teeth
Kohn gap Kohn gap (twisted median tooth)
split tooth split second left lateral teeth
fused teeth fused fourth and fifth right taléeeth 2
Dicrotendipes
sp. missing teeth missing sixth left lateral teeth
Veg. 3 | Chironomus sp.1| missing teeth missing sixth left lateral teeth
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missing third lateral teeth

Kohn gap Kohn gap
split tooth split second left lateral teeth
fused teeth fused fourth and fifth right taldeeth
extra tooth extra median tooth
GSM1 | Chironomus sp.1| missing teeth missing fourth left lateral teeth
missing fourth and sixth left lateral teeth
missing sixth left lateral tooth
fused teeth fused first and second latesdhte
fused fifth and sixth right lateral teeth
Kohn gap Kohn gap
split tooth split first right lateral teeth
extra tooth extra median tooth
Chironomus sp.2| split tooth split sixth lateral teeth
Site4 | GSM 2 | Chironomus sp.1| missing teeth missing sixth left lateral teeth
sixth teeth on both sides of mentum missir
missing left median tooth
extra tooth extra central median tooth
Chironomus sp.2 | fused teeth fused fourth, fifth and sixth righelatl teeth
Kohn gap Kohn gap
Chironomus sp.3| missing teeth missing sixth lateral tooth
split tooth split right second lateral tooth
GSM 1 | Chironomussp.1l| Kohn gap Kohn gap

fused teeth

fused fifth and sixth left lataedth

223



Chironomus sp.1| extra tooth extra median tooth
GSM3 | Chironomus sp.1| split tooth split outer left median tooth
missing teeth missing sixth left lateral tooth
Chironomus sp.3| fused teeth fused fourth and fifth lateral teeth
Stone 1 | Chironomus sp.1| missing teeth missing fifth right lateral tooth
split tooth split first lateral tooth
Stone 3 | Chironomus sp.1| Kohn gap Kohn gap
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Table B11: Number and description of mentum andldigdeformities recorded among chironomid taxahat four sampling sites during

autumn. Biotopes replicates are also shown

No. of individual

biotope showing
Site replicate [ Genus deformity type Description deformity
Sitel | Stone 1 missing teeth missing second left lateral teeth 1
fused teeth fused fifth and sixth right latessdth 2
Cricotopustrifasciata gr. fused third and fourth right lateral teeth 1
fused third and fourth left lateral teeth 2
Stone 3 | Cricotopustrifasciata gr. | fused teeth fused fifth and sixth left lateral keet 1
GSM 1 | Tanytarsus sp. fused teeth fused fourth and fifth right lateradtte 1
Site2 | Veg. 1
Chironomus sp.1 Kohn gap Kohn gap 1
fused teeth fused fourth and fifth left lateesdth 1
missing teeth missing left median tooth 1
split tooth split central median tooth 1
extra teeth extra median tooth 1
Chironomus sp.2 split tooth split first-third lateral teeth 1
Veg. 2 | Chironomus sp.1 missing teeth missing third left lateral teeth 2
missing left median tooth 1
Veg. 3 | Chironomussp.1 fused teeth fused third and fourth right laterathe 1
Stone 1 | Chironomus sp.1 split tooth split first left lateral tooth 1
split fourth left lateral tooth 1
split left median and first lateral teeth 1
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fused teeth

fused fifth and sixth right lateesth

Kiefferulus sp.

fused teeth

fused first and second right lateethte

Microchironomus sp.

missing teeth

missing sixth left lateral tooth

Stone 3 | Dicrotendipes sp. fused teeth fused sixth, fifth and fourth righelatl teeth | 1
Chironomus sp.1 missing teeth missing second right lateral tooth
fused teethf fused first and second right lateral tegth,
missing teeth missing fourth left lateral tooth
split tooth split first right lateral tooth
Tanypus sp. twisted tooth twisted outer lateral tooth
GSM 2 | Tanypus sp. split tooth split outer tooth
twisted tooth twisted outer lateral tooth
Site 3| Veg.1 | Chironomussp.1 missing teeth missing left median tooth
missing first right lateral tooth
missing first and second right lateral teeth | 1
missing right median tooth and twisted fifst
right lateral teeth 1
missing third right lateral tooth
missing second lateral tooth
missing second left lateral tooth
Kohn gap Kohn gap
fused teeth fused sixth, fifth and fourth latéeeth 1
split tooth split first left lateral tooth
split second first lateral tooth
Veg. 2 | Chironomus sp.2 split tooth split left median tooth
Chironomus sp.1 extra teeth extra central median tooth
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missing teeth missing first left lateral tooth 1
missing right median tooth 1
Kohn gap Kohn gap 1
Chironomus sp.3 missing teeth missing fourth right lateral tooth 1
others distortion in overall configuration 1
Stone 2 | Chironomus sp.1 missing teeth missing central median tooth 1
missing fifth left lateral teeth 4
missing first left lateral and fourth right latefqal
tooth 2
missing first right lateral tooth 1
extra teeth extra median tooth 4
fused teeth fused first and second left lateveth
Stone 1 | Chironomus sp.1 missing teeth missing first and second right ldterath 1
missing third right lateral tooth 1
missing fifth right lateral tooth 1
Kohn gap Kohn gap 1
split tooth split left median tooth 1
split first left median tooth 1
split central median tooth 1
split second left lateral tooth 1
extra teeth extra median tooth 1
Chironomus sp.2 missing teeth missing sixth left lateral tooth 1
Chironomus sp.3 missing teeth missing first right lateral teeth 1
Stone 3 | Chironomus sp.1 extra teeth extra third left lateral teeth 2
extra median tooth 2
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missing teeth

missing sixth lateral teeth

missing second left lateral teeth

missing second right lateral teeth

missing third and fourth right lateral teeth

fused teeth

fused second and third left lateeth

fused fifth and sixth left lateral teeth

Extra teeth/fuseq
teeth

I extra median tooth, fused third and fou
right lateral teeth

Kohn gap Kohn gaps
Chironomus sp.2 missing teeth missing first lateral teeth
extra tooth extra median tooth
Veg. 3 | Chironomus sp.1 Kohn gap Kohn gap 1
fused teeth fused fourth, fifth and sixth riddteral teeth | 1
missing teeth missing fifth left lateral tooth 1
missing sixth left lateral tooth
split tooth split second left lateral tooth
Site4 | GSM 2 | Chironomus sp.1 fused teeth fused fifth and sixth right laterathee 1
fused fourth, fifth and sixth left laterakté 1
Veg. 2 Chironomus sp.1 fused teeth fused third and fourth left laterathee 1
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Table B12: Number and description of mentum analdigieformities recorded among chironomid taxanatfour sampling sites during winter.
Biotopes replicates are also shown

Biotope No. of individual
Site replicate | Genus Deformity type | Description showing deformity
Sitel | Stone 1 | Tanytarsussp. fused teeth fused fourth and fifth right lateradtte 1
Veg. 1 | Polypedilum sp. Split tooth right central median tooth 1
GSM 3 | Tanytarsus sp. missing teeth Fifth left lateral tooth 1
fused teeth fourth and fifth left lateraltiee 1
Cricotopustrifasciata gr. | fused teeth Fourth to sixth right lateral teeth 1
GSM 2 | Cricotopustrifasciata gr. | split tooth median tooth 1
GSM 1 | Tanytarsus sp. fused teeth Fourth and fifth right lateral teeth 1
Veg. 3 | Tanytarsus sp. fused teeth Fourth and fifth right lateral teeth 1
Site 2 | Stone 3 | Chironomus sp.1 fused teeth fused median teeth 1
GSM 2 | Chironomus sp. 1 fused teeth Fused fifth and sixth right laterathee 2
Site 3 | GSM 1 | Chironomus sp.1 missing teeth Sixth left lateral tooth 2
Sixth right lateral tooth 1
Fifth and sixth left lateral teeth 2
third left lateral tooth 2
fused teeth fifth and sixth left lateral teet 1
Chironomus sp.2 missing teeth first right and sixth left lateradtie 1
split tooth third right lateral tooth 1
Stone 2 | Chironomus sp.1 missing teeth third right lateral tooth 1
first left and fifth right lateral teeth 1
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sixth right lateral tooth

fused teeth

central and left median teeth, split cent
median tooth

ral

Extra teeth

left median tooth

split tooth

split median tooth

second left lateral tooth

Chironomus sp. 2

fused/ missing
teeth

fused first and second left lateral teet
missing fifth left lateral tooth

split tooth

split first left lateral tooth

missing teeth

fifth and sixth left lateradtie

Stone 1 | Chironomus sp.1 missing teeth right median teeth
third and fourth left lateral tooth
extra tooth left median tooth
fused teeth fifth and sixth left lateral teet 2
fused third and fourth right lateral teeth | 2
extra / missing extra right median tooth / missing sixth Igft
teeth lateral tooth 1
Stone 3 | Chironomus sp. 1 split tooth first left lateral teeth 2
first and fourth left lateral teeth 1
missing teeth sixth right lateral teeth 5
first right lateral and fourth left latergl
Chironomus sp.2 missing teeth | teeth 1
Veg. 3 | Chironomus sp.1 missing teeth sixth left lateral tooth

fifth left lateral tooth

second left lateral tooth

split tooth

central median tooth

fused teeth

median teeth/ extra third ltedal teeth
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extra teeth

Chironomus sp.2

split tooth

first left lateral tooth

Veg. 2 | Chironomus sp.1 missing teeth missing left median teeth
fused teeth left median and central teeth
fifth and sixth right lateral teeth
Kohn gap mentum gaps
missing  /split| missing third left lateral tooth and spjit
Veg. 1 [ Chironomussp. 1 teeth first left lateral tooth
missing teeth missing right median teeth
missing sixth left lateral teeth
Site 4 | GSM 3 | Chironomussp. 1 missing teeth sixth left lateral tooth
split teeth first right lateral tooth
fused teeth first and second right lateraite
fourth to sixth left lateral teeth
Chironomus sp. 3 fused teeth fused median teeth
GSM 2 | Chironomus sp.1 Split teeth first left lateral tooth
split/  missing| second left lateral tooth / missing sixth left
teeth lateral tooth
Kohn gap mentum gap
Kohn gap/
missing teeth mentum gap/ missing right medianhtoot 2
GSM 1 | Chironomussp.1 missing teeth central median tooth

fourth left lateral tooth

second left lateral tooth

Chironomus sp. 2

fused teeth

left and central median teeth
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Veg. 2 | Chironomus sp.1 missing teeth third left lateral tooth 1
sixth lateral teeth on both sides of ment
Kohn gap mentum gap 1
extra teeth median tooth 1
split tooth left median tooth 1
Veg.1 | Chironomussp.l missing teeth sixth left lateral tooth 1
Asymmetry Between left and right first latieieeth
split teeth third right lateral tooth 1
Veg. 3 | Chironomussp.1 split tooth central median tooth 2
left median tooth 1
missing teeth second right lateral tooth 2
sixth right lateral teeth 3
first and second right lateral teeth/ fou
Stone 2| Chironomus sp.1 fused teeth and fifth right lateral teeth 1
fourth and fifth right lateral teeth 2
Stone 1 | Chironomus sp. 1 extra teeth right median tooth 2
missing teeth right median tooth 1
Stone 3 | Chironomus sp.1 missing teeth missing fifth left lateral teeth 2

missing / split

teeth

missing sixth lateral tooth/ split left medis
tooth
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Table B13: Number and description of mandible dafbes recorded among chironomid taxa at the faunging sites during spring. Biotopes

replicates are also shown

Biotope Type of No. of individual
Sites replicate | Genus deformities | Descriptions showing defor mity
Sitel | Stone 1 Cricotopustrifasciata gr. | split tooth split apical tooth 1
Stone2 | Orthocladius sp. split tooth split apical tooth 2
Cricotopus sp.1 split tooth split apical tooth 1
Veg. 3 Polypedilum sp. extra tooth extra tooth on left mandible 1
split tooth split apical tooth 1
Site2 | Stone 1 | Cricotopussp.l split tooth split apical tooth 1
Orthocladius sp. split tooth split apical tooth 1
Stone2 Cricotopus sp.1 missing teeth| missing apical tooth 1
split tooth split apical tooth 1
Cricotopustrifasciata gr. | split tooth split second left inner tooth 1
split apical tooth 2
Veg. 2 Dicrotendipes sp. split tooth split apical tooth 1
Orthocladius sp. split tooth split apical tooth 1
Veg. 3 Cricotopus sp.1 split tooth split apical tooth 3
Orthocladius sp. split tooth split apical tooth 1
twisted apica
Veg. 1 Dicrotendipes sp. tooth twisted left apical tooth 1
between left and right apical
stone 2 | Cricotopustrifiasciata gr. | asymmetry | tooth 1
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Site3

fused apical and first inng

stone 1 | Chironomussp .1 fused teeth | mandibular teeth
split tooth split apical tooth
missing one inner mandibular
missing teeth| teeth
Extra teeth extra one teeth
others twisted apical; tooth
missing one inner mandibular
Veg. 1 Chironomus sp. 1 missing teeth| teeth
Veg. 2 Chironomus sp. 1 fused teeth fused apical and dorsal teeth
fused apical and first inngr
stone 3 | Chironomussp.1 fused teeth | mandibular teeth
split tooth split apical tooth
missing one inner mandibular
missing teeth| teeth
Extra teeth extra one teeth
others twisted apical; tooth
fused teeth fused apical and dorsal teeth
Dicrotendipes sp. split tooth split apical tooth
missing one inner mandibular
stone 2 | Chironomus sp. 1 missing teeth| teeth
split tooth split apical tooth
between left and right apical
GSM 2 Chironomus sp. 1 Asymmetry | tooth
Between left and right apical
GSM 3 Chironomus sp. 1 Asymmetry | tooth

fused teeth

fused apical and dorsal teet
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twisted apica

Site4 |GSM1 Cricotopustrifasciata gr. | tooth twisted apical tooth
between left and right apical
Stone 1 | Dicrotendipes sp. Asymmetry | tooth
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Table B14: Number and description of mandible defties recorded among chironomid taxa at sites an@ 4 during summer. Biotopes

replicates are also shown. No individual at sitead deformity in the mandible during summer

Biotope No. of individual
Site replicate [ Genus Type of defor mity Description showing deformity
Site2 | stone 2 | Chironomussp.1 | asymmetry between right and left apical tooth 1
Kiefferulus sp. asymmetry between right and left apical tooth 1
Dicrotendipes sp. | twisted tooth twisted apical tooth 1
Stone 1 | Chironomus sp.1 | missing tooth missing third sub apical tooth 1
Stone 3 | Dicrotendipes sp. | split tooth split apical tooth 2
twisted tooth twisted apical tooth 1
Chironomus sp.1 | asymmetry between left and right apical tooth 1
Veg. 2 Dicrotendipes sp. | asymmetry Between left and right apical tooth 1
missing tooth missing apical tooth 1
Veg. 1 Dicrotendipes sp. | fused tooth fused third and second inner teeth 1
split tooth split apical tooth 1
Chironomus sp.1 | missing tooth missing third sub apical tooth 1
GSM1 | Tanypus sp. fused tooth fused first and second sub apical teefii
GSM2 | Tanypus sp. split tooth split apical tooth 2
Site3 | Stone 1 | Chironomussp.1 | asymmetry between right and left apical tooth 2
split tooth split apical tooth 1
Chironomus sp.3 | fused tooth fused apical and first inner teeth 1
Stone 2 | Chironomus sp.1 | missing tooth missing third inner left mandibulaoth | 2
split tooth split apical tooth 1
fused tooth fused apical and dorsal tooth 1
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Chironomus sp.3 | split tooth split apical tooth
Stone 3 | Chironomus sp.1 | split tooth split first inner left mandibular tooth | 2
missing tooth missing dorsal tooth
missing second sub apical tooth on fhe
left mandible and third on the right
mandible 1
missing third sub apical tooth on left
mandible 2
twisted tooth twisted apical tooth
fused third and second inner right
fused tooth mandibular teeth 2
Chironomus sp.2 | asymmetry between left and right apical teeth
Veg. 2 | Chironomussp.1 | missing teeth missing third inner tooth
asymmetry Between left and right apical teeth
Veg. 1 | Chironomussp.l | split tooth split apical tooth 2
Dicrotendipes sp. | split tooth split apical tooth
Veg. 3 | Chironomussp.1 | twisted tooth twisted apical tooth
split tooth split apical tooth
missing tooth missing third sub apical tooth
Dicrotendipes sp. | split tooth split apical tooth 2
GSM1 | Chironomussp.l | asymmetry between left and right apical
split tooth split first sub-apical tooth

missing tooth

missing third sub apical tooth

missing third sub apical tooth on bqgth
mandible 1
fused tooth fused dorsal and apical teeth
Dicrotendipes sp. | split tooth split apical tooth 2
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missing tooth

missing third sub apical tooth

Site4

GSM2 Chironomus sp.1 | extra teeth extra tooth on left mandible
asymmetry Between left and right apical tooth | 1
GSM3 | Chironomus sp.1 | split tooth split apical tooth
Chironomus sp.2 | split tooth split apical tooth
fused second and third left mandibujar
GSM1 Chironomus sp.1 | fused tooth teeth 1
Ablabesmyia sp. | split tooth split apical tooth
Stone 1 | Chironomus sp.1 | split tooth split apical tooth
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Table B15: Number and description of mandible dwmfties recorded among chironomid taxa at sites an@ 4 during autumn. Biotopes

replicates are also shown. No individual at sitead deformity in the mandible during autumn

biotope No. of individual
Site |replicate | Genus Types of defor mity Description showing defor mity
Site
2 Stone 3 | Chironomus sp.1 missing teeth missing third inner tooth 1
Site
3 Stone 2 | Chironomus sp.1 split tooth split apical tooth 3
Stone 1 | Chironomus sp.1 missing teeth missing third inner tooth 4
asymmetry between left and right apical topth
Stone 3 | Chironomus sp.1 split tooth split left apical tooth 2
fused teeth fused second and third innehtee?
missing teeth missing third inner left tooth 2
Veg. 1 Chironomus sp.1 split tooth split apical tooth 1
split second inner tooth 1
Veg. 2 Chironomus sp.1 missing teeth missing third inner tooth 1
Chironomus sp.3 split tooth split first and third inner teeth | 1
Veg. 3 Chironomus sp.1 missing teeth missing third inner tooth 2
GSM 2 Chironomus sp.1 fused apical and first inner tooth 1
fused teeth fused second and third inner teeth 1
Veg. 2 Chironomus sp.1 twisted tooth twisted apical tooth 1
Site missing apical and third inner
4 missing teeth teeth 1
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Table B16: Number and description of mandible dmfties recorded among chironomid taxa at sites 2n8 4 during winter. Biotopes
replicates are also shown. No individual at sitesid 2 had deformity in the mandible during winter

Biotope No. of individual showing
Site replicate Genus Types of defor mity Description deformity
Site 3 Veg. 3 Chironomus sp. 1 | missing teeth third inner tooth 1
Site4 GSM 3 Chironomus sp. 2 | missing teeth third inner tooth 1
Chironomus sp. 3 | split tooth apical tooth 1
Veg. 2 Chironomus sp.1 | missing teeth third inner tooth 2
split tooth dorsal tooth 1
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Table B17: Number and description of antennal defoes recorded among chironomid taxa at sites An@ 3 during spring. Biotopes
replicates are also shown. No individual at sitbéed deformity in the antennal during spring

No. of
individual
Biotope showing
Site replicate Genus Type of defor mity Description deformity
Site 1l Stone 2 Tanytarsus sp. Lost lauterborn organ Lost lauterborn orgamigint antenna 1
displaced lauterborn
Stone 3 Cricotopus sp.1 | organ lauterborn organ displaced from segments2gonent 3| 1
Ablabesmyia sp. | lost segment lost fourth and fifth segments 1
style and lauterborn organ displaced 1
lauterborn organ and distal segment on right amsténn
Veg. 3 Polypedilumsp. | Lost lauterborn organ| lost 1
Veg. 1 Ablabesmyia sp. | lost segment lost third segment 1
Stone 1 Cricotopussp.1 | lost segments lost fourth and fifth segments 5
displacement of ring organ from basal to secpnd
Polypedilum sp. | displaced ring organ | segment 1
displaced lauterborn
Site 2 Stone 1 Cricotopus sp.1 | organ lauterborn organ displaced from second tmseg 1
Veg. 3 Cricotopus sp.1 | lost segments Lost fourth and fifth segmernieli antenna 1
displaced ring organ displaced ring organ tpeughalf of basal segment 1
Site 3 Stone 1 Chironomus sp. | displaced ring organ displacement of ring or@ad lauterborn organ 3
lost segment lost fourth and fifth segmentsight antenna 1
lost segment fifth segment 1
additional segment between first and second segment
Veg. 1 Chironomus sp1 | additional segment on left antenna 1
asymmetry asymmetry between right and left rarde 1
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lost segment

lost fourth and fifth segmentdedinantenna

displaced
lauterborn organ

ring and

displacement of ring and lauterlomgan

Chironomus displacement of ring
Veg. 2 sp.1 organ displacement of ring organ
lost segment lost fourth and fifth segments
GSM1 Chironomus spl | lost blade lost blade on right antenna 3
blade, style and accessory blade on leftnaatdost 2
Chironomus sp.
Stone 3 1 lost segment lost fourth and fifth segments draletenna
displaced
ring/lauterborn organ displacement of ring anddeoorn organ
displacement of ring
organ displacement of ring organ
lost segments lost fourth and fifth segments 2
lost blade lost antenna blade
blade, style and accessory blade on leftraatdost 1
Chironomus sp.
Stone 2 1 lost segments lost fifth segment on right antenna 1
displace lauterbornlauterborn organ displaced from tip of second seyme
organ to basal segment 1
reduced blade blade on right antenna shoréerttiose of left antenna
Chironomus sp.
GSM2 1 lost segment Lost third to fifth segments on deftenna
Chironomus sp.
GSM 3 1 Lost segment Lost fifth segment on left antenna 1

lost blade

lost blade on left antenna
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Table B18: Number and description of antennal deities recorded among chironomid taxa at sites &4n@ 3 during summer. Biotopes

replicates are also shown. No individual at sitéed deformity in the antennal during summer

No. of individual

Biotope Types of showing
Site replicate | Genus deformity Description deformity
Site 1l Veg. 3 | Tanytarsus sp. lost segment lost fourth and fifth segments 1
Cricotopustrifasciata gr. Lost segment. lost fifth segment 2
stone 2 | Cricotopus sp.1 displaced lauterborn organ 2
Stone 1 | Cricotopustrifasciata gr. displaced ring organ 1
Lost segment. lost fifth segment 1
GSM 1 | Cricotopussp.1l lost segment lost fifth segments both araen 1
Orthocladius sp. lost segment lost fifth segment 1
lost third to fifth segments on right
Site2 | Veg. 2 Kiefferulus sp. lost segment | antenna 1
Dicrotendipes sp. lost blade 1
Lost fourth and fifth segment on right
lost segment | antenna 3
Veg. 1 Dicrotendipes sp. lost segment Fourth and fifth segments 3
Fifth segment on both antenna 1
Fifth segment on left antenna 2
Displaced
lauterborn organ displacement of lauterborn organ 2
lost blade lost antenna blade on right arden 2
displaced style Style displaced to third segm 1
Veg. 3 Dicrotendipes sp. lost segment lost fifth segment on left ankenn 2
Displaced
lauterborn organ displaced lauterborn organ 2
GSM 1 | Tanypus sp. lost style lost style on both antenna 1
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antenna  bladé
lost

D

antenna blade lost on left antenna

GSM 2 | Tanypus sp. lost segment Lost fourth and fifth segments
Lost fifth segment
lost lauterborn
organ 3
Lost fourth and fifth segments on left
GSM 3 | Tanypus sp. Lost segment | antenna
Stone 2 | Dicrotendipes sp. lost segment Lost antenna fifth segment
segment 4 and 5 lost
Stone 1 | Tanypus sp. Lost segment Lost third to fifth antenna segfisie 2
Site3 | Stone 1 | Chironomussp.1l lost blade Right antenna blade
Right lauterborn organ
Left blade and accessory blade
Stone2 | Chironomus sp.1 lost segment fifth segment
lost lauterborn
organ and style lauterborn organ and style
Stone 3 | Chironomus sp.1 lost segment Fourth and fifth segments
Displaced lauterborn organ on third instead |of
lauterborn orgar second segment
Veg. 2 Chironomus sp.1 lost segment Fifth segment
lost lauterborn
Chironomus sp.2 organ Right antenna lauterborn organ
Veg.1 Chironomus sp.1 Right antenna blade
displaced
Veg. 3 Chironomus sp2 lauterborn organ displaced lauterborn organ

Chironomus spl

Lost ring organ

Right basal segmeg organ
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Table B19: Number and description of antennal deiiies recorded among chironomid taxa at sites®?3aduring autumn. Biotopes replicates

are also shown. No individual at sites 1 and 4defdrmity in the antennal during autumn

Biotope No. of individual
Site replicate Genus Types of defor mity Description showing deformity
Chironomus | lost style and lauterbornRight antenna style and lauterbagrn
Site2 | Veg. 1 sp.1l organ organ 2
Chironomus lauterborn organ on third instead
Stone 1 sp.1 displace lauterborn organ | of second segment 1
Chironomus
Stone 3 sp.1 lost antenna blade Right antenna 2
lost lauterborn organ Right antenna 1
Chironomus
Site3 | Veg. 2 sp.1 lost blade Left antenna 1
lost segment Fifth segment on left antenna 1
Chironomus fourth and fifth left antenna
Veg. 1 sp.1 lost segment segment 2
lost blade Left antenna blade 1
lauterborn organ on third instead
displaced lauterborn organ| of second segment 1
lost style and lauterborn
organ Left antenna 2
lost segment Fifth left antenna segment 2
Chironomus
Stone 1 sp.1 Lost segment lost antenna fifth segfhent 2
Fourth and fifth segmetht 1
Chironomus
Stone 2 sp.1 lost segment Fourth and fifth segntent 1
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Table B20: Number and description of antennal defiies recorded among chironomid taxa at sites An@ 4 during winter. Biotopes
replicates are also shown. No individual at sita@ deformity in the antennal during winter

Biotope Types of
Site replicate Genus deformity Description
lost lauterborn
Site 1l Veg. 1 Tanytarsus sp. organ on right antenna 3
3
Chironomus sp.
Site 3 GSM 1 1 lost segment fifth segment 1
Chironomus sp.
Stone 2 1 lost style style on left antennae 1
lost segment third to fifth segments 1
Chironomus  sp.
Site4 GSM 3 1 lost style on left antenna 1
Fifth segment on left
Veg. 2 missing segment] antenna 1
Chironomus sp.
GSM 2 1 lost style on left antenna 1
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Figure B1: Normal and deformed menta of Chironomidga) normal mentum of
Chironomus sp. 1 (b) normal mentum @hironomus sp. 2 (c) split median teeth (d) missing
left median tooth (e) kohn gap (f) fused mediaatti€g) Extra right median teeth (h) fused

median and third and fourth lateral teeth .
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Figure B1 continuesNormal and deformed menta of Chironomidae. (h) imgssnedian
tooth (i) missing seconéft lateral tooth (j) normal mentum GFicotopus sp 1. (k) missing
3" right lateral tooth (I) kohn gap (m) split®3ight lateral tooth (n) Normal mentum of

Tanytarsus sp. (0) missing Bright lateral tooth .
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Figure B1 continuedNormal and deformed menta and ligulae of Chiron@idp) normal

mentum ofDicrotendipes sp. (q) missing tooth (r) normal ligula &énypus sp. (s) split tooth
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Figure B2: Normal and deformed mandibles of Chirmitae (a) normal Mandibles of
Chironomus spl. (b) normal mandibles of Chironomus sp.1 titetshg the dorsal tooth (c)
missing dorsal tooth aZhironomus sp.1 (d) split apical tooth @ricotopus spl. (e) twisted

apical tooth oDicrotendipes sp.
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Figure B3: Normal and deformed antennae of Chiradaen (a) normal antenna of
Chironomus sp1. (b) normal antenna ®anytarsus sp.(c) lost 8 segment inTanytarsus sp.
(d) deformed blade ofhironomus sp 1. (e) normal antenna Bicrotendipes sp. (f) lost

segments and lauterborn organ.
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