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Abstract

Aquatic environments, while not the target of many pesticide applications, often receive chemicals
through catchment runoff dynamics. In this regard, the use of pesticides in agricultural systems
may have deleterious effects on aquatic ecosystems within the same catchment area. Here using a
series of in-situ and ex-situ experiments, the study assessed (a) pesticide concentrations of
acetamiprid and chlorpyrifos across MACADAMIA ORCHARD and communal area reservoirs
using liquid chromatography tandem mass spectrometry (LC-MS/MS), (b) the behavioural
responses of Mozambique tilapia, Oreochromis mossambicus, following exposure to three
commonly used macadamia pesticides (i.e., Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS at
different concentrations, (c) macadamia Macadamia integrifolia leaf litter decomposition and
mosquito colonisation following pesticide exposure, and (d) macroinvertebrate colonisation
associated with introduced stone substrates in cages within the MACADAMIA ORCHARD and
control reservoirs to explore whether macadamia pesticides affected on macroinvertebrate

colonisation dynamics.

Firstly, analysis of acetamiprid and chlorpyrifos associated with sediments in MACADAMIA
ORCHARD reservoirs revealed mean pesticide concentrations of 14.48 pg Lt and 5.67 pg L,
respectively, whereas, in communal area reservoirs outside of agricultural catchments, both
pesticides were not detected. Acetamiprid was not detected across reservoir water, whereas the
mean pesticide concentration of chlorpyrifos of 6.51 pug L™ (MACADAMIA ORCHARD) and
0.13 pg L (communal area) were detected. Secondly, O. mossambicus demonstrated different

onset behavioural responses, i.e., swimming erratically, surfacing, vertical positioning, loss of
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equilibrium, being motionless and mortality with high mortality at increased mortality. Thirdly,
macadamia leaf litter tended to decompose faster when exposed to pesticide treatments, whereas
chlorophyll-a were reduced. Furthermore, pesticide treatments seemed to promote mosquito (i.e.,
Culex spp.) and pupal abundances. Finally, a total of 644 macroinvertebrate individuals were
recorded across macadamia and communal reservoirs, mostly dominated by Chironominae (55.1

%), Ostracoda (14.4 %), Trithemis sp. (5.2 %), Anax sp. (5.2 %) and Radix natalensis (5.0 %).

The results indicate that MACADAMIA ORCHARD reservoirs are highly contaminated by
acetamiprid and chlorpyrifos and that these contaminants have implications for the ecological
functioning of aquatic ecosystems. Reduction of species diversity adjusted community structure
and altered energy flow and nutrient recycling were all demonstrated. The results of the study
collectively show how common pesticides used in the macadamia plantation may be exert pressure
on adjacent freshwater ecosystems. Future studies should examine effects on trophic interactions,
pesticide accumulation in faunal groups and allochthonous trophic transfer dynamics to terrestrial
environments. Such information would be useful for managers tasked with mitigation plans for the

region.

Key words: Pesticides; reservoirs; contamination; LC-MS/MS; solid phase extraction; behaviour
traits; environmental stressor; freshwater fishes; neonicotinoids; organophosphate; pyrethroid;
mosquito larvae; allochthonous inputs; macadamia; stone substrates; macadamia orchards;

pesticides; macroinvertebrate community; macroinvertebrate diversity metrics.
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Chapter 1: General Introduction

Plate 1. Thendo Mutshekwa and Linton F. Munyai hauling a seine net at the communal reservoir

site to collect fish Oreochromis mossambicus for pesticide exposure studies. Photo by Farai

Dondofema
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1.1 Background

Freshwater ecosystems are among the most threatened ecosystems in terms of species extinctions
and losses in ecosystem services in the world (Hale et al., 2018). One of the major stressors for
these ecosystems are pesticides, which are introduced via point and non—point sources (Deknock
at el., 2019). Pesticides are intended to protect agricultural production from pest organisms;
however, their residues reach far beyond their target areas via atmospheric, overland, subsurface,
and groundwater routes (Groenendijk et al., 1994). Surface run—off and wastewater effluents are
among the most important entry pathways for pesticides into aquatic environments (Holvoet et al.,
2005). Surface water in agricultural areas can be contaminated by pesticide residues with possible
adverse effects on the ecosystem (Cruzeiro et al., 2017). Pesticide contamination of surface waters
is known to affect community structure (Liess and von der Ohe, 2005) and diversity of aquatic
fauna communities (Beketov et al., 2013). Besides the effects on the aquatic fauna, pesticides can
impede important ecosystem functions such as leaf breakdown that represents the main energy

source and primary production in freshwater ecosystems (Schéfer et al, 2012).

Pesticides pose complex threats to the aquatic structure and communities and ecosystem
functioning. Continued usage of pesticides can be described as a massive chemical assault in the
aquatic environment which threatens the survival of many fish, macroinvertebrates, and small
aquatic organisms that form the basis of the food web (Ramachandra and Solanki, 2007; Mahmood
etal., 2016). More generally, pesticides reduce species diversity in the tropical level and contribute
to population decline in aquatic fauna and plants by destroying habitats, reducing food supplies,
and impairing reproduction (Islam and Tanaka, 2004; Tooker and Pearsons, 2021). These aquatic

ecosystems consist of multiple and potentially thousands of interacting species, which shape
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trophic nodes and flow of organic matter (Mahmood et al., 2016). Aquatic food webs rely on two
major energy sources: primary production within the water itself (autochthonous), and primary
production on land (allochthonous), transferred to the aquatic habitat as leaf litter and dissolved
organic carbon (Doucett et al.,, 2007). Aquatic—terrestrial interfaces within and between
ecosystems are hotspots of organic matter mineralization. For these reasons, distinguishing energy
inputs to reservoirs originating from the reservoirs itself from that derived from the surrounding
landscape is central to understanding the functioning of reservoir community structure and their

influences on reservoir biogeochemistry.

Agricultural activities in South Africa strongly depend on the use of toxic pesticides for crop
protection, seed treatment and growth regulation to improve productivity (Gill and Garg., 2014).
The South African’s agricultural sector is one of the world’s most diverse, consisting of corporate
and private intensive and extensive crop farming system including macadamia nuts production.
For instance, macadamia Macadamia integrifolia are one of the most highly priced nuts on the
market and the macadamia industry in South Africa is growing quickly. South Africa is the current
largest macadamia producer in the world with approximately + 50 000 ha planted with macadamia
trees (Macadamias South Africa (SAMAC), 2021). Currently MACADAMIA ORCHARDS are
among the main contributors of pollutants in freshwater ecosystem due to increased demand of
macadamia production. With emerging macadamia production and plantation, the usage of

pesticides has increased enormously, so is the impacts on aquatic ecosystems.
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1.2 Problem statement

The use of pesticides poses a serious threat to the threatened aquatic ecosystems in South Africa.
Pesticides which are not taken up by crop plants, are often washed away by runoff into surface
waters. These pesticides are best known to have a significant impact on communities in aquatic
ecosystems. Moreover, agricultural streams are often characterised by loss of physical habitat
diversity which may impose additional stress resulting from suboptimal environmental conditions
(Rasmussen, 2012). Aquatic ecosystems support an enormous diversity of fauna around the world.
Aguatic organisms have been reported to be potentially at risk from pesticides which are
introduced into the aquatic environment through application to crop plants (Olisah et al., 2019).
Once pesticides enter the aquatic environment, aquatic organisms are exposed to it in many ways
including direct entries of pesticides into their habitats and the movement of organisms into areas

previously contaminated by retaining pesticides (Aktar et al., 2009).

Pesticides can be toxic to primary producers and macroinvertebrates, thereby impacting ecosystem
structure and functions through adverse, bottom-up impacts on aquatic colonisation dynamics.
Plant leaf litter serves as a critical resource input to freshwater systems, and changes in plant litter
species composition can change the attributes of freshwater communities. However, little is known
about how variation in pesticide toxicity interacts with detrital decomposition dynamics and other
aquatic ecosystem functions. Field based studies on the effects of pesticides on leaf litter and
aquatic fauna are scarce. Studies on leaf litter decomposition dynamics, both ex—situ and in-situ
have received widespread attention, since the middle of the nineteenth century (Martinez et al.,
2020). However, studies on leaf litter decomposition dynamics using macadamia leaves, fauna and

microbes and aquatic food webs in irrigation ponds are few. Reservoir supports a variety of animal

© University of Venda



o
& Universi fenda
@)

and plant life forms that collectively form food chain; however, little information is known on
these habitats in agricultural orchards in South Africa, with almost no information on the effects

of macadamia input on aquatic ecosystems

The absence of studies presents a problem in that we have huge knowledge gaps pertaining to
arguably one of the most fundamental processes driving freshwater productivity. Therefore, this
study seeks to address the gap and enhance the understanding of ecology in agricultural irrigation
reservoirs, by studying such dynamics within the context of pesticide toxicity. The study will
further strengthen the water quality standards by generating information that could be used in

management strategies of agricultural reservoirs.

1.3 Research aim and objectives

The overall aim of this thesis is to assess the effects of macadamia Macadamia integrifolia orchard
inputs on recipient aquatic ecosystems. This study focuses on understanding how different
pesticides (i.e., Karate Zeon 10 CS (lambda-cyhalothrin), Mulan 20 SP (Acetamiprid), Pyrinex
250 CS (chlorpyrifos)) and their concentrations affect behavioural responses and mortality of
Mozambique tilapia Oreochromis mossambicus and colonisation dynamics. The thesis will

specifically:

e Determine pesticide concentrations in the MACADAMIA ORCHARD and communal area
in water and sediments in small reservoirs.
e Assess the behavioural response and potential mortality of Mozambique tilapia,

Oreochromis mossambicus when exposed to pesticides at different concentrations.
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e Assess macadamia Macadamia integrifolia leaf litter decomposition, macroinvertebrate
establishment (i.e., mosquitoes) and primary productivity (chlorophyll—a) associated with
pesticide treatment over time.

e Assess macroinvertebrate colonisation associated with artificial stone substrates in

reservoirs across different land—use types.

1.4 Hypotheses

e Pesticide concentrations will vary between the two reservoir types and MACADAMIA
ORCHARD will drive increased concentrations than communal area reservoirs. Increase
pesticide concentrations in MACADAMIA ORCHARDS might have implications on
water quality, ecosystem functioning, species diversity and community, food chains and
nutrient recycling.

e Mozambique tilapia, Oreochromis mossambicus will die faster when exposed to increased
pesticide concentration and that behavioural response will vary between pesticide
concentrations. This will have implications on aquatic food webs since Oreochromis
mossambicus will be eliminated resulting in disturbance in the food chain.

e Macadamia Macadamia integrifolia leaf litter decomposition, mosquito colonisation and
chlorophyll-a concentrations will vary among pesticide treatments and that pesticide—free
treatments will decompose fastest, due to adverse pesticide effects on decomposition
and/or colonisation. This might have implications on microbial decomposers and
macroinvertebrate establishment as their establishment will based on pesticide toxicity.

e Reservoirs associated with reduced land—use activities will support more abundant and

diverse macroinvertebrates than reservoirs associated with increased land—use. This will
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have implications on ecosystem functioning and comprehension of the feeding
relationships among aquatic species since some aquatic fauna will be eliminated from the

food chain, which in turn affects species both directly and indirectly.

1.5 Justification and significance of the study

To the best of my knowledge, no study has yet evaluated the effects of macadamia inputs on
aquatic ecosystems in South Africa. Aquatic fauna are usually exposed to chemicals, mostly with
different toxicity which results in disrupting aquatic ecosystem functioning. Therefore, it is
worthwhile investigating the toxicity of pesticides with a focus on pesticides and their effects on

aquatic fauna as well as the decomposition and colonisation dynamics.

This study is confined itself to assessing the ecology of macadamia reservoirs by studying the
effects of pesticides used in the MACADAMIA ORCHARDS on O. mossambicus and leaf litter
decomposition, primary productivity and macroinvertebrate colonisation dynamics. Aquatic fauna
and litter decomposition dynamics play a role in assuring natural sustainability for all associated
life forms, but it is greatly affected by human activities. Thus, this study will ultimately add to the
knowledge base and contribute to the education of society on the value of the ecosystem processes

and their associated tangible and intangible services.
Given the largely absent research on the effects of pesticides used in MACADAMIA ORCHARDS

to nearby small reservoirs in South Africa, the current research is thus needed. In summary, this

research is important for several reasons:
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1. Enhance the understanding of effects of pesticides on aquatic ecosystems and ecosystem
functioning.
2. Attempt in extending existing knowledge about the distribution and occurrence of aquatic

fauna in reservoirs contaminated with pesticides

1.6 Key macadamia species and pesticides in the study

Modern crop protection remains in the forefront of the public debate. While the discussion on the
risks, the general necessity and the economically optimal levels of synthetic pesticide use and
effects on aguatic ecosystems has not come to an end with ongoing research on the interactions
between agricultural activities and aquatic ecosystem functioning. The macadamia industry in
South Africa is affected by a wide variety of stink bugs species and as a result, the industry is
forced to use large quantities of pesticides to control. The MACADAMIA ORCHARDS in
Levubu, Limpopo is no exception, with large quantities of pesticides being used every year due to
challenges they are facing from pests. Given the aims of the study and increased use of pesticides
by Levubu macadamia farmers, it was therefore necessary to identify the pesticide commonly used
and associated reservoirs that would give an indication of the potential effects of MACADAMIA

ORCHARDS inputs on aquatic ecosystems.

Field visits to various MACADAMIA ORCHARDS in the Levubu area revealed macadamia
Macadamia integrifolia as the dominating macadamia tree species (Figure 1.1). Moreover, after
interaction with Levubu macadamia farmers, pesticides Karate Zeon 10 CS (lambda—cyhalothrin),
Mulan 20 SP (Acetamiprid), Pyrinex 250 CS (chlorpyrifos) were found to be among the commonly

used pesticides for pest control. As a results macadamia M. integrifolia, pesticides i.e., Karate
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Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS and associated reservoirs were found to be suitable to

assess the effects of MACADAMIA ORCHARDS inputs on recipient aquatic ecosystems.

Figure 1.1. Macadamia Macadamia integrifolia trees in an orchard in the Levubu area, Limpopo, South

Africa. Photo by Thendo Mutshekwa.
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Chapter 2: Literature Review

Plate 2. A characteristic artificial aquatic ecosystem on a MACADAMIA ORCHARD. In this

way, agricultural practices have shaped the nature of aquatic ecosystem distributions at a landscape

level. Photo by Thendo Mutshekwa
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2.1 Overview

This chapter introduces the main concepts that are relevant to this particular study. It provides an
outline of macadamia Macadamia integrifolia in South African orchards and further details
pesticide usage and their general effects on aquatic ecosystems. This chapter also addresses the
interactions between pesticide, leaf litter decomposition, primary productivity and colonisation
dynamics. This chapter concludes with key macadamia species and pesticide use within the study

region.

2.2 The macadamia in South Africa

Macadamia is a medium sized, evergreen tree that forms part of the Proteaceae family. Only two
of the five species, Macadamia integrifolia (Maiden and Betche) and Macadamia tetraphylla
(L.A.S. Johnson), are edible and due to their high value, grown commercially (Trueman and
Turnbull 1994). Although macadamias are native to Australia, the industry for macadamia nuts
first emerged in Hawaii in the 1930s, followed shortly thereafter in Australia (Boyton et al., 2000).
More than 80 years ago, M. integrifolia seeds were transported to South Africa from Hawaii
(Boyton et al., 2000). Cultivation in South Africa began in 1968 and to date, South Africa is
amongst the biggest producers of macadamia nuts worldwide (Figure 2.1). Currently, more than
eighteen different macadamia cultivators are currently grown in South Africa (Peace et al., 2005).
Macadamia nuts are currently primarily produced in South Africa, Australia, the United States of
America, Kenya and China (Figure 2.1). However, production in some African and South
American nations is expanding rapidly. According to Macadamias South Africa (SAMAC) (2021),
the number of macadamia trees has increased from one million in 1996 to eight million in 2020,

covering an area of approximately 50 000 ha. The Macadamias South Africa (2020) census
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revealed that macadamia industry is predominantly spread over the Mpumalanga (44 %),
KwaZulu-Natal (28 %) and Limpopo (20 %) provinces (Figure 2.2). The rate of macadamia
production in South Africa is expected to rise even further in the near future as a result of the
exponential increase in new annual plantings. According to Nagao et al. (1992), one major threat

to the macadamia tree in South Africa is kernel damage from pest insect species, which lowers the

quality of the nuts.

Ofhers; 4696
Brazil; 1800

Malawi; 1846—\\
Guatemela; 2900 ——
USA: 4000/‘
China: 661 5/

Kenya; 7350/

South Africa;
_— 7550

———— Australia; 13300

Figure 2.1. Major macadamia nut producing countries (metric tonnes): kernel basis. Source: International

Nut and Dried Fruit Council (INC) (2020).

© University of Venda



_____—Mpumalanga; 2115

Kwa-Zulu Natal; 2348\

Western Cape ; 197/ ‘ T ————— Limpopo; 1249

Figure 2.2. South African macadamia established hectares per province in 2019. Source: Macadamias South

Africa (SAMAC) (2020).

2.3 Insect pests of macadamia

There are numerous international studies (e.g., Taylor et al., 2013; Weier et al., 2019; Pal et at.,
2022) focusing on the insect pests that harm macadamia trees. According to Schoeman (2018), the
stink bugs (Hemiptera) and the nut borers (Lepidoptera) are the most significant pests of
macadamia nuts. The stinkbugs damages are divided into different stages i.e., early and late stage,
and these stages depend on the time of season or the nut growth. Depending on the shell's hardness,
not all species of stinkbug undergo both stages of damage (Schoeman, 2018). In 2016, stinkbug
damage cost South African as approximately ZAR 190 million in financial losses. Schoeman
(2018) indicated that the macadamia nut borer Crytophlebia batracopha and false codling
Thaumatotibia leucotreta are two species that also attack macadamia trees. Mammalian pests, such
as antelope i.e., bushbuck Tragelaphus sylvaticus, giant rats Cricetomys gambianus, and/or bush

pigs Potamochoerus larvatus, which feed on dropped nuts and young leaves, also cause damage
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to macadamia trees (Linden, 2019). These damages have resulted in increased numbers of

pesticides used for pest control.

2.4 Pest control mitigation

Macadamia farmers in South Africa use different pest control approaches to control pests on their
crop. The most common method involves spraying insecticides, based on scouting data once a
certain number of pest insects per tree has been reached (Taylor et al., 2018). Some farmers use
methods like the calendar method and unrelated spraying to control pests, while others rely on
extensive insecticide application using tractors and helicopters to cover a large area quickly.
However, due to the fact that some trees are skipped, these methods are less effective (Taylor et

al., 2018).

2.5 Cost-benefit analysis of the use of pesticides

Despite the high cost of pesticides purchase, the widespread application of pesticides has been
encouraged by the benefits the provide. In particular, over the last decades, pesticides have
increased crops and livestock yields, and, in some circumstances, have improved human health,
e.g. by killing vectors of human pathogens, and quality of life, e.g. by killing troublesome
organisms (Cooper and Dobson 2007 ). However, the purchase costs are only one of the types of
cost associated with pesticide use. Indeed, the spraying of these chemicals has an impact on the
environment and health, with potentially serious financial consequences. According to Tudi et al
(2021), without the use of pesticides, there would be a 78% loss of fruit production, a 54% loss of

vegetable production, and a 32% loss of cereal production. Pesticide free farming does not
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© University of Venda



o
& Universi fenda
@)

necessarily result in lower crop yields, but it does depend on the presence of weeds, insects, and

fertiliser.

2.6 MACADAMIA ORCHARD settings

Macadamias are planted near aquatic ecosystems in rows with average spacing of 4 m between
rows, and 8 m between individual trees within each row (Kaemper et al., 2021; Trueman et al.,
2022). Blocks of varying sizes are used to organize MACADAMIA ORCHARDS, which are
typically interplanted with up to three distinct varieties per block. Reservoirs and/or ponds are
constructed near macadamia plantations and are utilised for irrigation. In agricultural landscapes,
such reservoirs cumulatively comprise a major portion of available aquatic habitat at the landscape
level. Water is typically supplied to these reservoirs from nearby natural water sources, bringing
with it aquatic biotic components such as plankton, invertebrates and fish (Mofu et al., 2021).
Semi-aquatic insects also colonise these water bodies through aerial dispersal. However,
pesticides used in orchards end up in these reservoirs via different routes, with implications for the

biota in these systems.

2.7 Pesticides inputs into aquatic ecosystems

Pesticides are used in large quantities in crops and MACADAMIA ORCHARDS to protect against
pests. However, aquatic ecosystems can be contaminated by these pesticides when they are
incorrectly and/or accidently sprayed into the natural environment (Figure 2.3) (Howard, 2010).
Contamination can occur due to improper handling and use of pesticides, including spilling
pesticide, discarding pesticide containers rinsing or washing pesticide equipment, applying

pesticides under bad weather conditions, having orchards near aquatic ecosystems and wind drift
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(De Wilde et al., 2007). However, Sultana et al. (2014) and Lehmann et al. (2018), estimated that
0.1 % of the applied pesticide reaches the target pest, and the rest gets incorporated into different
environmental compartments. Agricultural activities often used aerial application for pest control

of which pesticides may pollute surrounding reservoirs with pesticide droplets.

Global transport by air flow

- Photodegradation A
Precipitatiyn '

Spraying  Wind erosion / P iy
A ' ’
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Vaporization

Surface runoff Spilling

|
” Drainage water
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Soil profile |

Figure 2.3. Different stages of pesticide cycle that reaches the ground and surface water. Source: Rajmohan

etal. (2020).

One of the main causes of water contamination from agricultural areas that come from non—point
sources. This can occur through runoff, leaching, spray drift, preferential flow through soil
macropores, or a combination of these processes (Loewy et al., 2011). Several studies have showed

that spraying pesticides improve the distribution of pesticides (Loewy et al., 2011; Raut et al.,

13
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2013). However, the common pathway through which pesticides enter aquatic systems such as
reservoirs, ponds, streams and rivers, is through run—off, or when immediate rainfall occurs after
pesticide application. Runoff is regarded as a significant entry point for pollutants into aquatic
ecosystems. Physicochemical properties of the pesticides, application timing and rate, rainfall
following pesticide application, and soil types all play a role in pesticide runoff contamination of
aquatic systems (Phillips and Bode, 2004). Although pesticides are intended to control fungi,
insects, and other pests, their mechanisms of action frequently fail to prevent unintended effects

on non-target fish, macroinvertebrate populations, and microbial communities.

2.8 Effects of pesticides on aquatic ecosystems

Pesticides are one of many organic emerging freshwater pollutants that can cause serious
ecological impacts (Okoro et al., 2022). Different categories of pesticides have different types of
effects on living organisms. Pesticides can have an effect on all types of organisms and are an
important source of stress for freshwater ecosystems (Liess et al., 2008; Schafer et al., 2012). In
aquatic ecosystems, both fish species, as well as aquatic flora and fauna, are exposed to a variety
of pesticides in three common ways, that is via (i) dermal, (ii) direct absorption all the way through
integument by swimming in contaminated surface water with pesticide and (iii) subordinate
surfaces of waters in form of lentic and lotic water bodies (Maurya et al., 2019). Exposure can also
be through direct and indirect uptake of pesticides through inhalation by the way of gills during
respiration, and directly throughout, drinking water contaminated with pesticides or feeding on

pesticide contaminated prey (Kumar et al., 2021).
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2.8.1 Effects of pesticides input on macroinvertebrate communities

The distribution of macroinvertebrate taxa and densities in agricultural headwater streams and
reservoirs is influenced by many factors such as habitat degradation (Sanders et al., 2020), organic
pollution (Mueller et al., 2020), and pesticides (Smiley et al., 2011; Dalu and Tavengwa, 2022).
Macroinvertebrates organisms have been widely used to assess aquatic ecosystem integrity since
they possess several advantages such as their respond to human disturbance in fairly predictable
ways due to the fact that different types of macroinvertebrates tolerate different stream conditions
and levels of pollution (Miserendino et al., 2008). According to Bonada et al. (2006)
macroinvertebrates are considered vital for biomonitoring of aquatic systems since they are
ubiquitous and diverse, have a variety of feeding habits, have life cycles that range from a few
weeks to a few years, and are tolerant to a variety of contaminants. Additionally, macroinvertebrate
communities are sensitive to pesticides and are good indicators of overall ecosystem function
(Overmyer et al. 2005). Macroinvertebrate communities play a significant in the transfer of various
nutrients and environmental pollutants to higher tropic levels. Pesticides accumulation in
sediments and water surfaces can cause a serious damage to the aquatic ecosystem and their
exposure to aquatic macroinvertebrates through cell body walls, across respiratory surfaces, and

ingestion of contaminated sediment particles (Warren et al., 2003).

2.8.2 Effects of pesticides on fish

According to Joseph and Raj (2011), fish can be directly or indirectly impacted by pesticides
resulting from anthropogenetic activities. Fish are among the best indicator of water body pollution
and are the most sensitive of all aquatic animals besides phytoplankton. Previous studies (e.qg.,

Srivastava et al., 2016; Chaudhari and Saxena, 2016) indicates that fish, are quickly becoming
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scarce due to pesticide pollution. Fish can suffer from long—term exposure which can result in

abnormalities and/or mutations in developing larvae, while acute exposure can result in immediate

fish die—offs (Figure 2.4) (Polazzo et al., 2022).

Piscivorous
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Invertebrates
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Figure 2.4. Diagram showing the distribution and bioaccumulation in fish and interactions among fish

feeding habits. Source: Rajmohan et al. (2020).

2.9 Leaf litter decomposition

The decomposition of leaf litter has long been studied as a fundamentally important ecosystem
process (Freschet et al., 2013). Leaf litter contains carbon and hydrogen as well as several other
elements such as oxygen, nitrogen, and phosphorus. The major input into the soil is from plants,
in the form of aboveground litter such as leaf litter, twigs and stems, and/or belowground material
such as root litter, exudates and mycorrhizal hyphae (Freschet et al., 2013). Litter decomposition
and soil organic matter formation are driven by bacteria, fungi and invertebrates (Lehmann and
Kleber, 2015). Their activity, and controls on soil community composition, influence nitrogen
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release and/or storage in the soil (Crowther et al., 2013). In addition to bacterial and fungal
controls, soil mesofauna may influence microbial composition and community activity through

top—down controls (Crowther et al., 2013).

The effects of pesticides on microbial decomposers and detritivores in the tropics are mostly
unknown. However, experiments conducted in other areas of the world suggest that these
organisms are probably impaired by pesticides, and these effects are likely to reduce litter
decomposition rates (Zubrod et al., 2014). In addition, Rasmussen et al. (2012) indicated that
pesticides can be transported from crop fields to adjacent streams via surface runoff (Berenzen et
al. 2005), adhered to leaf litter (Zubrod et al. 2014), drains, wind drift and atmospheric deposition.
Pesticide residues in streams can cause a transient pulse of pollution and have a negative impact
on processes such as litter decomposition with serious implications to food web dynamics and the
ecosystems that surround them (Cornejo et al., 2021). In streams that flow through and reservoirs
within agricultural catchments, pesticide contamination has been found to minimise microbial

decomposition of leaf litter (Rasmussen et al., 2012).
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Chapter 3: Assessing Acetamiprid and Chlorpyrifos Pesticide Concentrations

in Water and Sediments Across MACADAMIA ORCHARD and Communal

Area Small Reservoirs
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Plate 3. Collection of sediments and water samples in the macadamia orchard for analysing of
acetamiprid and chlorpyrifos pesticide concentrations in the laboratory using LC-MS/MS. Photo
by Lutendo Phophi

3.1 Introduction

In the last few decades, pesticides have been used on an increasingly wider scale throughout the
world (Myers et al., 2016). Pesticides are highly associated with anthropogenic activities (Dalu
and Tavengwa, 2022). As indicated by Elhatip et al. (2003), agricultural fields activities contribute
increased pesticides contamination in water bodies than residential and/or communal areas
activities. In agricultural fields, chemicals are used to control insects (pesticides) and weeds
(herbicides) due to their effectiveness (Ngowi et al., 2007). Regardless of their agricultural
benefits, pesticides are often considered a serious threat to the environment because of their
persistence (Gajendiran and Jayanthi, 2018; Dalu and Tavengwa, 2022). These pesticides can
cause profound changes to the quality of the environment (Walter et al., 2017). This is due to their
persistence which allows them to remain for years in the environment, as well as their toxicity.
The widespread use of pesticides contaminates various aquatic ecosystems, including sediments,
water, and biota (Ccanccapa et al., 2016, Zhang et al., 2016). These pollutants accumulate in
aquatic organisms, directly from polluted environments (water, sediment) or indirectly via the food

chain, with a potential risk to humans (Parra—Arroyo, 2022).

Pesticides are compounds in continuous evolution, characterised by their diversity, physico—
chemical properties, and concentrations. Organophosphates (OPs) and neonicotinoids pesticides
are very toxic and persistent in the environment and tend to accumulate in the living organisms.

The OPs are a class of pesticides such as chlorpyrifos, several of which are highly toxic (Sidhu et
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al., 2019). Until the 21% century, chlorpyrifos were among the most widely used pesticides
available (Bringolf et al., 2007). Neonicotinoids such as N—(6-chloro—3—pyridylmethyl)-N’—
CYANO-N-, better known as acetamiprid, are now the most widely used pesticides in the world
(Yu et al., 2011; Jiménez—LOpez et al., 2020). They act systemically, travelling through plant
tissues and protecting all parts of the crop, and are widely applied as seed dressings (Jiménez—
Lopez et al., 2020). These pesticides were introduced because of their reduced persistence in the
environment relative to the organochlorine pesticides. Nevertheless, concerns about
bioaccumulation, acute and chronic toxicity persist. Furthermore, the impact of pollution of both
soil and water by such chemicals is often difficult to observe unless there is a gross accidental or

intentional spill (Simon et al., 1998). Therefore, the occurrence of these pesticides and their

toxicity require an analytical technique for quantification (Acefia et al., 2015).

Rapid increases in macadamia plantations and demand for macadamia nuts have resulted in
increased usage of pesticides worldwide over the last decade (Grass et al., 2018). South Africa is
the largest macadamia producer globally (50 133 hectares under cultivation and 50 000 tonnes
harvested annually), followed by Australia and the USA, with China and some South American
and other African countries growing fast in production (Macadamias South Africa (SAMAC),
2021). In South Africa, the industry is predominantly spread over the Mpumalanga (44 %),
KwaZulu—Natal (28 %) and Limpopo (20 %) provinces (Macadamias South Africa (SAMAC),
2021). Due to low pesticide utilisation in communal areas, the reservoirs within these areas can
serve as sites for comparison with MACADAMIA ORCHARD reservoirs of pesticide effects on
biotic and ecosystem dynamics at local scales. However, pesticide levels require quantification as

a first step in such comparative studies. As part of a larger study on pesticide dynamics in
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agricultural landscapes, we used liquid chromatography—tandem mass spectrometry (LC-MS/MS)
to determine concentrations of acetamiprid and chlorpyrifos in water and sediment of
MACADAMIA ORCHARD and communal area reservoirs. Solid phase extraction (SPE), based
on Cyg cartridges, was used for the extraction of the compounds of interest. It was hypothesised
that pesticide concentrations will vary between the two reservoir types and that MACADAMIA

ORCHARD would contain increased concentrations of acetamiprid and chlorpyrifos in both water

and sediment habitats due to its high use within the orchards compared to the communal areas.

3.2 Materials and methods

3.2.1 Study area

The samples were collected once on the 14™ of November 2021 from MACADAMIA ORCHARD
and communal area reservoirs in Limpopo province, South Africa. Two MACADAMIA
ORCHARD reservoirs (Site 1, -23°06’31.6S, 30°15°54.2” E; site 2, -23°06°54.5”’S, 30°15°46.5”
E) are located in the southern foothills of the Soutpansberg Mountain range, 20 km east of the
town of Makhado (previously Louis Trichardt), were sampled. The reservoirs were selected due
to the presence of large MACADAMIA ORCHARD plantations and excessive use of pesticides.
Two communal area reservoirs were similarly sampled i.e., site 3, (-22°56°43.0” S, -30°23°01.9”
E) was located in Phiphidi village, while site 4 (-22°59'11” S, -30°36'16.19” E) was located
between Tshikunda, Phiphidi and Duthuni villages. Both communal area reservoir sites are
approximately 10 km from Thohoyandou, Limpopo province, South Africa, and are mainly used
for domestic water supply and irrigation (Figure 3.1). At each reservoir, triplicate (n = 3) water

and sediment samples were collected.
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Figure 3.1. Location of the sample collection sites (Site 1 and 2— MACADAMIA ORCHARDS; Site 3 and

4 —communal area).

3.2.2 Apparatus

The SPE was performed with Cleanert S C1g (6 mL, 500 mg) cartridges (Stargate Scientific, South
Africa). The chromatographic measurements were done using LC-MS/MS system (Shimadzu,
Corporation, Kyoto, Japan) consisting of triple quadrupole mass spectrometer (LC-MS/MS-8045)
equipped with turbo ion spray ionisation source in the positive ionisation mode. The multiple
reaction monitoring (MRM) method was used for absolute quantification of the targeted pesticides
The chromatographic separation of the compounds of interest was achieved on a Shim—pack Velox

SP—Cgg column (100 x 2.1 mm, 2.7 um). A gradient elution using binary solvents i.e., phase A
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(1 mM ammonium formate) and phase B (acetonitrile) in 0.1 % formic acid was used. The flow
rate was 0.4 mL min-twith the binary gradients: 1-2 min 5 % B, 2-3 min 5 % B, 3-4 min 95 % B,
4-5min 5 % B, and 5-6 min 5 % B. The column oven temperature was maintained at 55 °C and

the injection volume was 3 L.

3.2.3 Reagents and chemicals

All pesticides were of pestanal grade standards. Acetamiprid and chlorpyrifos were obtained from
Sigma-Aldrich, South Africa. Methanol (LC-MS grade, 99 %) and dichloromethane (99 %) were
obtained from Sigma—Aldrich, South Africa. The individual stock solutions of the analytes were
prepared by dissolving 10 mg of the standards in 10 mL methanol to obtain a concentration of 1
mg mL 1. The working standard solutions of concentrations ranging from 0.1 to 500 ug L were
then prepared by proper dilution of the stock solutions with methanol. For SPE, Cleanert S C1g (6

mL, 500 mg) were supplied by Stargate Scientific (South Africa).

3.2.4 Sample collection and pre-treatment

3.2.4.1 Water sampling

Water variables (i.e., pH, conductivity (uS cm™?), total dissolved solids (mg L), and temperature
(°C) were measured on the day of sampling using a multiparameter handheld waterproof Cyber
Scan 300 (Eutech Instruments, Singapore). A total of 12, 1 L glass bottles were used during the
collection of water samples (4 sites x 3 replicates). After collection, water samples were
immediately placed on ice in a cooler box and transported to the laboratory. Upon arrival, collected
water samples were filtered (vacuum of <5 cm Hg) through a 0.7 ym Whatman GF/F filter to

remove particulate matter from the background matrix, preventing the SPE cartridge blockage.
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After filtration, water samples were stored in 1 L polyethylene bottles in the until ready for

analysis.

3.2.4.2 Sediment sampling

Approximately 2 kg sediments samples were collected (depth 5-10 cm) using a plastic shovel from
each reservoir (4 sites x 3 replicates), placed into polyethylene zip—lock bags, and labelled
according to sites. After collection, sediment samples were immediately transported to the
laboratory in a cooler box, frozen at —20 °C, lyophilised, grind with a pestle and mortar sieved
through 125 um mesh to obtain a homogeneous material, and stored at —20 °C until extraction.
This was done to increase the surface contact between the extraction solvent and sample

(Azwanida, 2015).

3.2.5 Sample extraction

3.2.5.1 Sediment extraction

The sieved sediment was weighed, and 12 x 0.5 g sediments samples (n = 12, 4 sites x 3 replicates)
were added to 35 mL of methanol and placed into a shaker for 12 h (overnight). After shaking,
each sample was filtered (vacuum of <5 cm Hg) through a 0.7 um Whatman GF/F filter into 50
mL centrifuge. For LC-MS/MS, the samples were further filtered using a syringe filter (0.22 pm)

into 2 mL amber vials.

3.2.5.2 Water extraction
For water extraction, SPE based on Cleanert S C1g cartridges was utilised. Prior to extraction, water

samples were removed from the refrigerator and allowed to reach ambient temperature. The SPE
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sorbents were first pre—conditioned with 10 mL dichloromethane, 10 mL methanol and 10 mL
distilled water. Before the cartridges dried out, water samples (1 L) were passed through the SPE
cartridges using a vacuum manifold that was maintained at constant pressure. Retained analytes
were eluted with 5 mL methanol followed by 5 mL of acetonitrile following a procedure by

Bonansea et al. (2013). The eluate was collected in 10 mL glass vials and filtered using a syringe

filter (0.22 um pore size) into 2 mL amber vials for LC-MS/MS analysis.

3.2.6 Statistical analysis

A two—-way Analyses of Variance (ANOVA) was used to assess the differences in water variables
(i.e., pH, conductivity, total dissolved solids and temperature) and pesticide concentrations (i.e.,
acetamiprid and chlorpyrifos) across sites, after testing for homogeneity of variances (Levene's
test, p > 0.05) and normality of distribution (Shapiro-Wilk test, p > 0.05). Sites were used as
explanatory variables, while water variables, and pesticide concentrations were the response
variables. For this model, significant variables were further tested using the Tukey post—hoc tests
performed via estimated marginal means. In all analyses, significance was inferred at p < 0.05 and

all statistical analyses were performed using IBM SPSS version 28.0.0.0.

3.3 Results

3.3.1 Water variables

Across sites, a high mean temperature (28.9 °C) was observed in the MACADAMIA ORCHARD
reservoirs, whereas, high mean pH (7.08), conductivity (356.6 uS cm!) and total dissolved solids
(179.9 mg L) were observed in the communal area reservoirs (Figure 3.2). Overall, water

variables differed significantly, i.e., pH (range: 6.3—7.1), conductivity (range: 213.3-356.6 uS cm~
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1, total dissolved solids (range: 127.7-179.9 mg L) and temperature (range: 24.2—-28.9 °C).
Significant differences were observed for pH (p < 0.001) across sites, whereas temperature (p =
0.841) conductivity (p = 0.510) and total dissolved oxygen (p = 0.990) indicated non-significant

differences. Pairwise comparisons for pH indicated significant differences for sites 1 vs 2 (p =

0.018), sites 2 vs 4 (p < 0.001) and sites 3 vs 4 (p = 0.021).
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Figure 3.2. Mean (xstandard deviation) water variables measured across macadamia orchard and communal

area reservoirs during sampling event.

3.3.2 Pesticide concentration in water and sediments
The residue analysis results of acetamiprid and chlorpyrifos associated with water and sediments

in the MACADAMIA ORCHARD and communal area reservoirs are presented in Table 3.1.
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Acetamiprid and chlorpyrifos were found to be common in the MACADAMIA ORCHARD as
compared to communal area reservoirs. In sediment samples from the MACADAMIA
ORCHARD, the mean concentrations of acetamiprid and chlorpyrifos were 14.48 pg L and 5.67
ug L1, respectively, whereas, in the communal area reservoirs both pesticides were below
detection limit. Additionally, in water samples, acetamiprid was below detection limit across
MACADAMIA ORCHARDS and communal area reservoirs. In contrast, chlorpyrifos were
detected with mean concentrations of 6.51 pug L™ and 0.13 pg L in the MACADAMIA
ORCHARD and communal area reservoirs, respectively. Non-significant differences were
observed for both acetamiprid (F = 0.668, p = 0.595) and chlorpyrifos (F = 0.669, p = 0.594) in
sediment samples across sites. Moreover, in water samples, significant differences were observed
chlorpyrifos (F = 13.914, p = 0.002) across sites. Pairwise multiple comparisons for chlorpyrifos

in water samples highlighted differences for sites 1 vs 3 (p = 0.005), sites 1 vs 4 (p = 0.004), sites

2vs 3 (p=0.017), and sites 2 vs 4 (p = 0.013).

Table 3.1 Mean + SD pesticide concentrations (pug L) of acetamiprid and
chlorpyrifos in water and sediments from the MACADAMIA ORCHARD and

communal area reservoirs. <0.001 ug Lt — detection limit.

Sites Acetamiprid Chlorpyrifos

Sediment Water Sediment Water
Macadamia 14.5+9.72 <0.001 ug Lt | 5.7+3.6 6.5+0.9
Communal <0.001 ug L% <0.001 pg L% | <0.001 pg L%, 0.1+0.1

3.4 Discussion
To better comprehend the fate of pesticides in the aquatic environment together with their potential

impact that they might pose to aquatic organisms, it is critical to know their concentrations in the
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water and sediments. Thus far, previous studies (i.e., Pereira et al., 1996; Rashid and Romshoo,
2013; Ansaei and Matondkar, 2014) have demonstrated that high pesticide concentrations occur
in aquatic ecosystems associated with increased anthropogenic activities and that contaminants
decline with decreasing anthropogenic activities. Similarly, the present study demonstrated that
MACADAMIA ORCHARDS drive increased pesticide concentrations in nearby reservoirs,
compared to communal areas. The study also highlights that sediments accumulate increased
pesticide concentrations compared to water. This is because most of the pesticides are deposited
on the bottom of the water bodies forming sediment layers, whereas pesticides in the surface water
are easily washed away, thus sediments act as a pollution sink (Nasrabadi et al., 2011; EI Nemr et
al., 2013). However, sediments can also act as a pollution source, as retained contaminants can be
bioaccumulated by sediment-dwelling organisms and subsequently pose a risk to higher trophic
organisms through biomagnification among the food chain. Moreover, retained pollutants can be

released at any time via re—suspension by natural processes or human actions.

This study showed high pesticide concentrations of chlorpyrifos and acetamiprid in sediments than
in water. Furthermore, MACADAMIA ORCHARD reservoirs were associated with increased
concentrations, whereas communal area reservoirs had the least concentrations. As stated by
Halbach et al. (2011), water and sediments—associated pesticide concentrations are often much
higher than recorded and significantly higher in reservoirs surrounded by increased
anthropogenetic activities. Moreover, acetamiprid was not detected in water samples across
MACADAMIA ORCHARD and communal area reservoirs, whereas chlorpyrifos was detected in
the MACADAMIA ORCHARDS (6.51 ug L ™) and communal area reservoirs (0.13 ug L™2). The

increased sediment—associated pesticide concentrations in the MACADAMIA ORCHARD
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reservoirs are not surprising given the fact that sediments are an important sink for various
pollutants which also play a significant role in the remobilisation of contaminants in aquatic
systems under favourable conditions and in interactions between water and sediment (Oztiirk et
al., 2009). Overall, the accumulation of these pesticides in sediments in the MACADAMIA
ORCHARD reservoirs can pose a direct toxicological risk for organisms living and feeding on
reservoir sediments due to chronic exposure (Barbieri et al., 2019). The lower concentrations of
both pesticides in the water samples might be attributed to the fact that the input of pesticides in
water is a function of suspended particulate concentrations (Knauer et al., 2017). Although low,
these concentrations can build up in the water, get magnified through the food chain, and enter
aquatic organisms that are hazardous for human consumption (Singh et al., 2015). Chlorpyrifos
concentrations in water samples in the MACADAMIA ORCHARDS were like those reported by
Hossain et al. (2015), and chlorpyrifos ranged from 3.27 to 9.31 ug L* in agricultural fields.
However, several studies have recorded decreased chlorpyrifos concentrations. For instance, Singh
et al. (2015), recorded chlorpyrifos concentrations ranging from 0.01 to 0.04 ug L%, which

corresponded with our findings in communal area reservoirs.

Like other ecological studies, this study had several limitations. For instance, in the current study,
we collected samples once in triplicates in order to quantify sediments and water pesticide
concentrations in the MACADAMIA ORCHARD and communal area reservoirs in water and
sediments. Moreover, the samples were collected during rainy season. Nonetheless, the quantity
of pesticides in agricultural fields is known to depend on climate or seasons and the abundance of
pests within an area (Sharma et al., 2014). For instance, rainy seasons and high temperatures drive

increased pest abundances, thus increasing the usage of pesticides and pesticide concentrations in
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nearby reservoirs (Bloomfield et al., 2006). As indicated by Nguyen et al. (2019) and Nyantakyi
et al. (2022), increased pesticide concentrations during rainy seasons compared to other seasons
may be due to higher runoffs with increased precipitation of suspended solids containing the
pesticide residues in the run—off. The quantity of pests across various seasons may also contribute
to the quantity of pesticides being used as pests are known to favour humid, rainy weather since
they reproduce more frequently and become more active (Goergen et al., 2016). Consequently,
future studies should seasonally quantify the concentrations of acetamiprid and chlorpyrifos in the
MACADAMIA ORCHARD and communal area reservoirs to strengthen the understanding of
these pesticides and their potential impact on aquatic organisms. However, our results from the
preliminary foundation that will enable us to understand the occurrence, distribution and

concentrations associated with MACADAMIA ORCHARD reservoirs within the tropical regions

of the world.

3.5 Conclusions

From our findings, it can be concluded that reservoirs are continuously contaminated with
pesticide runoff from the nearboy MACADAMIA ORCHARDS and/or agricultural fields. For
instance, the present study showed that MACADAMIA ORCHARD reservoirs are highly
contaminated by acetamiprid and chlorpyrifos pesticides. As detailed in the discussion, it is very
much clear that concentrations of these pesticides varied in water and sediments across
MACADAMIA ORCHARDS and communal area reservoirs with MACADAMIA ORCHARDS,
indicating increased concentrations. The increased concentrations in the MACADAMIA
ORCHARDS are most likely due to the effective use of these pesticides during pest control for

macadamia plantations. The contamination of MACADAMIA ORCHARD reservoirs by these
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pesticide residues from MACADAMIA ORCHARDS thus poses a greater impact on the aquatic
ecosystems. This may lead to deleterious effects on the aquatic organisms and the public dependent
on the water supply from the contaminated reservoirs. Future studies should assess the

bioaccumulation and biomagnification of these pesticides through pesticides levels in aquatic

trophic levels.
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Chapter 4: Behavioural Responses and Mortality of a Freshwater Fish
Oreochromis mossambicus to Three Commonly Used Macadamia Plantation

Pesticides

Plate 4. Dead fish Oreochromis mossambicus after exposure to Karate Zeon 10 CS, Mulan 20

SP, and Pyrinex 250 pesticides in 3 L glass bottles showing mortality and surfacing behaviour

after 24 h. Photo by Tatenda Dalu
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4.1 Introduction

Freshwater ecosystems are among the most threatened by multiple anthropogenic stressors
(Dudgeon, 2019; Dalu and Wasserman, 2021). One of the major stressors for freshwater
ecosystems is agricultural pesticides, which are introduced via point and non—point sources (Weber
et al., 2018). Pesticides are intended to protect agricultural production from pests; however, their
residues reach far beyond their target areas via atmospheric, overland, sub-surface and
groundwater routes (Knillmann et al., 2018). Surface run—off and wastewater effluents from
agriculture and urban/developed areas are among the most important entry pathways for pesticides
into aquatic ecosystems, with well-documented adverse effects on these environments (Holvoet
et al., 2005; Koéck—Schulmeyer et al., 2013; Cruzeiro, et al., 2017). Pesticide contamination of
surface waters affects aquatic invertebrate and vertebrate community structure and diversity
(Morrissey et al., 2015). Globally, pesticide use in agriculture has increased significantly to control

problematic species, particularly in orchard plantations (Lykogianni et al., 2021).

Within South Africa, macadamia nut plantations have been rapidly increasing in scale since the
early 1990s, after the first introduction of Macadamia integrifolia seeds from Hawaii to South
Africa more than 100 years ago (SAMAC, 2021). The South African macadamia nut plantations
are centred in the sub—tropical regions of the Mpumalanga Lowveld (i.e., Nelspruit area), Limpopo
(i.e., Luvuvhu River Valley) and KwaZulu—Natal (Macadamias South Africa (SAMAC), 2021).
While relied upon for productivity, pesticide usage in these rapidly increasing macadamia nut
plantations has the potential to pollute the aquatic ecosystems through several routes, including
spray drift, drainage, surface run—off, and/or accidental spills (Sattler et al., 2007; Baker et al.,

2008; Dalu and Tavengwa, 2022). Common and/or persistent pesticides are frequently detected as
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harmful pollutants in soil, surface water and groundwater because of their continuous application

within agricultural landscapes (Riise et al., 2004; Kruawal et al., 2005; Jaipieam et al., 2009).

Even though synthetic chemical production has increased rapidly in recent decades (Dalu and
Tavengwa, 2022), the effect of these chemicals on non-target habitats and biota has been
overlooked (Moreira—Santos et al., 2019). Fish play a keystone role in freshwater ecosystems
through, for example, trophic interactions that structure food webs (Wasserman et al., 2013). They
are also very often important food sources for organisms further up the food web, including
humans that readily exploit these food resources (Broadhurst et al., 2002; Ellender et al., 2017).
Fish can absorb pesticides through gills, skin, or alimentary ducts (Schlenk, 2005; Banaee, 2012;
Banaee, 2013). These organisms are potentially vulnerable to aquatic pollutants, such as pesticides
used in macadamia plantations, which could severely compromise certain physiological and
biochemical processes (Banaee, 2013). Several studies (Oti et al., 1997; Rekha et al., 2008) have
reported the mechanisms through which pesticides affect fish, with the goal of monitoring,
controlling and possibly identifying concentrations that pose little or no effect on aquatic
organisms. Pesticide exposure may affect fish abundance, causing significant mortalities and/or
altering behaviours (Jordaan et al., 2017). Although some fish metabolise and excrete certain
pesticides, continuous dietary exposure may lead to bioaccumulation and impact their health or

fecundity/offspring (Tejeda et al., 2007).

To our knowledge, no attempts have been made to document how pesticides used in the macadamia
plantations in South Africa, such as Karate Zeon 10 CS, Mulan 20 SP, and Pyrinex 250 CS, affect

fish. Macadamia plantations are often in close contact with the freshwater ecosystem and the use
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of these pesticides is an accepted management strategy for controlling pests in South Africa’s
macadamia plantations. As such, we aimed to assess the behavioural response of a common, often
dominant, and economically/ecologically important fishery species, Mozambique tilapia,
Oreochromis mossambicus when exposed to Karate Zeon 10 CS, Mulan 20 SP, and Pyrinex 250
CS at various concentrations and any potential for recovery after exposure to pesticides. To this
end, we used a median lethal dose (or LD50) approach, whereby for each test pesticide, the dose

at which 50% of test animals die was determined. Once the LD50 of each pesticide was

determined, sub—lethal concentration effects on behavioural responses of the fish were explored.

4.2 Materials and methods

4.2.1 Pesticide background

The three pesticides used in the experiment were Karate Zeon 10 CS (capsule suspension; Adama,
Kempton Park, South Africa), Mulan 20 SP (soluble powder; Adama, Kempton Park, South
Africa), and Pyrinex 250 CS (capsule suspension; Syngenta, Midrand, South Africa). Karate Zeon
10 CS contains lambda—cyhalothrin (pyrethroid) as an active ingredient and consist of 100 g L™,
whereas Mulan 20 AS contains acetamiprid (neonicotinoid) as an active ingredient and consists of
200 g kg and Pyrinex 250 CS contains chlorpyrifos (organophosphate) as an active ingredient
and consists of 250 g L. Pyrinex 250 CS and Karate Zeon 10 CS are capsule—suspension contact
insecticides for the control of macadamia insects, such as thrips Scirtothrips aurantia, cotton aphid
Aphis gossypii, and stink bugs Bathycoelia distincta and Nezara viridula. Mulan 20 SP, however,
is a water—soluble powder systemic contact. These pesticides are broad—scale insecticides for the
control of pests on macadamia, canola, citrus, tomatoes, wheat, barley, oats, cotton and rooibos

tea. The spray mixture (or dilution) volumes of 200 mL per 100 L water, 5 mL per 100 L water,
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and 40 g 100 L™* water for Karate Zeon 10 CS, Mulan 20 SP, and Pyrinex 250 CS, respectively,
are highlighted according to the manufacturer’s recommendations. These pesticides can be applied
by any medium or high—volume applicator, aerially or on the ground, provided that the applicator
is correctly calibrated and fitted with an efficient agitation mechanism. These pesticides are diluted
with Hydrobuff (Nutrico, South Africa) to maintain pH level and Wetta (Nutrico, South Africa) to
act as a surfactant. For this study, these pesticides were selected because they are the most

commonly used products by macadamia farmers in the Luvuvhu River Valley area for pest control

(Nortjé et al., 2017; Pheiffer et al., 2014).

4.2.2 Fish sampling

Freshwater Mozambique tilapia, Oreochromis mossambicus were caught from a small reservoir in
Duthuni Village (coordinates: —22.967657" S, 30.397369" E), Limpopo Province of South Africa,
using a 20m seine net (depth 1.5 m, mesh size 0.5 cm) in October 2020 and 2021 after obtaining
Research and Animal Ethics (Ethical clearance number: FSEA/22/ERM/01/1103) from the
University of Venda. All fish were transported in eighteen 20 L white polyethylene buckets (15—
20 individuals per bucket) to the Department of Ecology and Resource Management Laboratory,
University of Venda. We mixed 20 L of filtered reservoir water (through a 63 um mesh) and 200
L of borehole water (1:10 ratio) which were also collected for the experiments. All the fish were
size—matched with regard to total length (TL) to reduce the influence of size—related differences
in behaviour when exposed to pesticides (TL, mean £ SD: 40.5 £ 2.3 mm). The Mozambique
tilapia were housed in 20 L buckets with source water and continuous aeration at 23.2 £ 0.3 °C,
i.e., ambient temperatures, and fed once during the 48-h acclimation period prior to

experimentation, following procedures in Mbedzi et al. (2020).
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4.2.3 Experimental design

The Organization for Economic Co-operation and Development (OECD) (OECD, 2005)
guidelines for acute toxicity studies were followed for the experimental procedures. The
experiment was conducted during October 2020 and 2021. Each pesticide (3) had four replicates,
and a total of 216 fish were used for the entire experiment, excluding controls (9 treatments x 3
groups x 4 replicates x 2 fish per replicate; see Table 4.1). For each replicate, two individual fish
of similar size/age (SL £ SD: 32.4 + 2.1 mm) were placed randomly in an experimental container
to avoid confounds (3 L glass containers with 2.9 L filtered reservoir and borehole water (ratio
1:10)) using a square 10.16 cm wide and long aquarium net made of fine mesh. Fish were juveniles
and characterised by a silvery body with a straight forehead profile, with 6-7 vertical bars, three
spots along flanks and 12-15 dorsal fin rays. After adding fish in each treatment, the fish were
allowed to acclimate for 4 h prior to chemical addition. Further, a pesticide—free treatment was
employed to serve as a control (n = 36) for each pesticide treatment with two fish of similar size.
Once the chemicals were added and the experiment started, aeration was stopped, and no further
aeration was provided for the duration of the experiment (24 h). Treatments K7 (100 pL), M8 (500
mg) and P8 (4500 pL) were field concentrations that the farmers use within the Luvuvhu River
Valley area (Table 4.1). Concentrations for K1 (0.7 pL), M1 (0.3 mg) and P4 (33.3 uL) (Table
4.1) were decided based on background values in aquatic environments found in the literature:
0.11-0.14 pg L™ (He et al., 2008), 0.2-5 pug L* (Zoumenou et al., 2019) and 0.5 pg L™t (Werner
et al., 2000), for Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS, respectively. After the
additions of the pesticide solutions to the experimental containers, the behaviour of the fish was

observed constantly for the first 1.5 h of the experiment and then observed again at 3 h, 6 h and 24
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h for each pesticide treatment exposure by personnel. At 3 h, 6 h and 24 h, the constant observation
time was 30 min. In an event where personnel were absent, behaviours of the fish were video
recorded and estimated using a stopwatch. The time to the onset of certain behavioural endpoints
associated with each pesticide exposure was assessed during the study. These behaviour endpoints
were the time from initiation of pesticide exposure (t0) to when the first fish (a) started swimming
erratically (hereafter referred to as swimming), (b) were seen positioned vertically in the water
column, (c) exhibited motionless behaviour, (d) attempted to breach the surface to breathe air, (e)
was first seen exhibiting loss of equilibrium, and (f) showed mortality, defined as the cessation or
absence of movement after repeated tactile stimulation/prodding for a period of 2 min (Booth et
al., 2015). These were carried out for each replicate, treatment and concentration. Any fish
surviving to the end of the 24 h exposure period was moved to a water recovery tank to determine
if amoribund state resulted in death or if recovery was possible, being subsequently inspected after

24 h.
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Table 4.1. Pesticide treatments and volumes per litre thereafter referred to as
concentrations, applied to 2.9 L water with Mozambique tilapia, Oreochromis

mossambicus to assess behavioural responses and mortality.

Treatment Group Concentrations
K1 Karate Zeon 10 CS 0.7 pL
K2 Karate Zeon 10 CS 3.3pL
K3 Karate Zeon 10 CS 6.7 pL
K4 Karate Zeon 10 CS 10 uL
K5 Karate Zeon 10 CS 16.7 yL
K6 Karate Zeon 10 CS 80 uL
K7 Karate Zeon 10 CS 100 pL
K8 Karate Zeon 10 CS 150 pL
K9 Karate Zeon 10 CS 200 pL
M1 Mulan 20 SP 0.3 mg
M2 Mulan 20 SP 0.5mg
M3 Mulan 20 SP 1.7mg
M4 Mulan 20 SP 3.3mg
M5 Mulan 20 SP 6.7 mg
M6 Mulan 20 SP 100 mg
M7 Mulan 20 SP 300 mg
M8 Mulan 20 SP 500 mg
M9 Mulan 20 SP 1000 mg
P1 Pyrinex 250 CS 0.7 pL
P2 Pyrinex 250 CS 3.3 pL
P3 Pyrinex 250 CS 16.7 pL
P4 Pyrinex 250 CS 33.3 pL
P5 Pyrinex 250 CS 66.7 pL
P6 Pyrinex 250 CS 1250 pL
P7 Pyrinex 250 CS 2250 pL
P8 Pyrinex 250 CS 4500 pL
P9 Pyrinex 250 CS 8750 pL
C Control No chemicals

4.2.4 Statistical analyses

Prior to analysis, all data were tested for normality (Shapiro—Wilk test, p > 0.05) and homogeneity
of variances (Levene’s test, p > 0.05) and were found to be normal with homogenous variances.
To assess the behavioural endpoints and mortality among the pesticide treatments, we used one—
way Analyses pf Variance (ANOVA). To assess the onset of behavioural changes within each
pesticide group (i.e., Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS) as a grouping variable

for all replicates, we used pesticide treatments (i.e., K1-K9, M1-M9, P1-P9) as explanatory
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variables and each onset behaviour as response variables. Individuals were included as fixed factor
to account for onset of fish behaviours. To assess lethal dose 50 of each pesticide group we used
probit analysis (95 % confidence limits for concentration). Chi-square goodness—of—fit tests were
also performed to check if the probit models fit the data adequately. Tukey post hoc tests were
used to evaluate multiple comparisons among pesticides concentrations where effects were
significant. In all analyses, significance was inferred at p < 0.05. All statistical analysis were

performed using IBM SPSS version 16.0.0.0 (SPSS, 2007).

4.3 Results

Mozambique tilapia, Oreochromis mossambicus in the control treatments did not die or exhibit
any abnormal behaviour. When O. mossambicus were exposed to Karate Zeon 10 CS, Mulan 20
SP, and Pyrinex 250 CS, abnormal behaviour such as fast swimming, surface breaking (i.e., air
breathing), vertical positioning, being motionless, loss of equilibrium and mortality were observed.
The average time to onset of behavioural symptoms associated with pesticide toxicity exhibited a
dose—dependent response, with slower vertical positioning, motionless, loss of equilibrium and
mortality responses generally exhibited at low concentrations and faster swimming and surfacing

at high concentrations of each treatment (Figure 4.1).
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Figure 4.1. The mean time (zstandard deviation) to onset of behaviour effects associated with (a) swimming
erratically, (b) vertical, (c) motionless, (d) surface, () loss of equilibrium and (f) mortality under various
chemical treatments. The numbers represent various concentrations across Karate Zeon 10 CS, Mulan 20 SP,

Pyrinex 250 CS, see Table 4.1 and note the differences.

Fish behaviour was affected by pesticide treatment concentrations and time to onset behaviour

(Figure 4.1, Table 4.2). Immediately after exposure to Karate Zeon 10 CS, Mulan 20 SP, and
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Pyrinex 250 CS separately, the fish started to swim actively and surfacing prior to vertical
positioning, being motionless, losing equilibrium, and then dying off; however, these varied in
pesticide concentrations and time to onset. When O. mossambicus was exposed to Karate Zeon10
CS, the onset to swimming, vertical, motionless, and mortality differed significantly (p < 0.05)
among concentrations; however, the loss of equilibrium behaviour did not differ significantly (p >
0.05) among concentrations (Figure 4.1, Table 4.2). When exposed to Mulan 20 SP, the onset to
swimming and surface behaviours differed significantly (p < 0.05) among concentrations,
however, the vertical, motionless, loss of equilibrium and mortality behaviours indicated no
significances (p > 0.05) among concentrations (Table 4.2, Figure 4.1). Lastly, in fish exposed to
Pyrinex 250 CS, the swimming, vertical and loss of equilibrium behaviours all differed
significantly (p < 0.05) among concentrations, with motionless, surfacing and mortality behaviours
showing no significances (p > 0.05) among concentrations (Figure 4.1, Table 4.2). Tukey’s post
hoc analysis highlighted significant differences among pesticide concentrations associated with

onset behaviours, and are presented in Table 4.2, for Karate Zeon 10 CS, Mulan 20 SP and Pyrinex

250 CS, respectively.
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Table 4.2. Onset behaviours as response variables associated with Mozambique
tilapia Oreochromis mossambicus, identifying multiple comparisons between

concentrations within each pesticide (i.e., Karate Zeon 10 CS, Mulan 20 SP and

Pyrinex 250 CS) as explanatory variables. Bold values indicate significant differences

at p < 0.05.
Behaviour Karate Zeon 10 CS Mulan 20 SP Pyrinex 250 CS

df |F P df |F p df F p
Swimming 8 3.099  0.013 8 [3.791 |0.004 8 1.961 <0.001
Vertical ] 7585 <0.001 |8 (1442 0.225 8 0.750 <0.001
Motionless 8 3.728  [0.005 8 [1.636 |0.161 8 1.284 0.691
Surface 8 4.775  [0.001 8 [7.569 [<0.001 8 3.900 0.304
loss of equilibrium ] 1.740 [0.134 8 [1.029 |0.439 8 0.937 0.007
Dead 8 5556  |<0.001 |8 [2.235 [0.057 8 0.973 0.069

Mortality following exposure to Karate Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS at 1.5 h, 3
h, 6 h and 24 h was variable. Across treatments, non-significant differences (F = 2.424, df =2, p
= 0.110) were observed in mortality rates within 24 h (Table 4.2). Across treatments, 100 %
mortality was observed after 1.5 h at high concentrations, i.e., treatment 6-9 (Figure 4.1, Table
4.3). Overall, high mortality rates were observed in Karate Zeon 10 CS followed by Mulan 20 SP

and lastly Pyrinex 250 CS.
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Table 4.3. Mortality of Mozambique tilapia, Oreochromis mossambicus (%) following exposure to various

concentrations of C—control, Karate Zeon 10 CS (K1-K9), Mulan 20 SP (M1-M9) and Pyrinex 250 CS (P1-P9), with

8 fish each per treatment.

Treatment |Karate Zeon 10 CS Mulan 20 SP Pyrinex 250 CS

1.5h(%) Bh(%) ©Bh(%) R4h(%) [15h(%) Bh(%) ©Bh(%) [24h(%) [15h(%) Bh(%) 6h(%) [24h (%)
C 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 25 0 0 0 12.5 0 0 12.5 12.5
2 0 0 0 50 0 0 0 25 0 0 12.5 12.5
3 0 0 0 75 0 0 12.5 12.5 0 0 12.5 25
4 0 0 0 100 0 0 25 25 0 0 25 50
5 0 25 62.5 100 0 12.5 25 50 0 0 12.5 12.5
6 100 0 0 0 100 0 0 0 100 0 0 0
7 100 0 0 0 100 0 0 0 100 0 0 0
8 100 0 0 0 100 0 0 0 100 0 0 0
9 100 0 0 0 100 0 0 0 100 0 0 0
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Recovery following 24 h exposure to Karate Zeon 10 CS, Mulan 20 SP and Karate 250 CS
treatments was variable. Across treatments, non-significant differences (F = 1.480, df = 2, p =
0.248) were observed in survival rates after individuals were transferred from exposure treatments
to clean water for certain treatments (i.e., K1-K3, M1-M5, P1-P5) (Table 4.4). Of the fish that
were alive at the end of the 24 h treatment exposure, survivability ranged from 12.5-62.5 %, 50—
87.5 %, 50-87.5 %, at 24 h to 50-87.5 %, 37.5-87.5 %, 12.5-62.5 at 48 h in clean water, in Karate
Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS treatments, respectively (Tables 4.1 and 4.4). Fish

recovery survival rate increased with decreasing toxicity of each pesticide.

Table 4.4. Mozambique tilapia, Oreochromis mossambicus survival rates at 24 h after
pesticide concentrations of C—control, Karate Zeon 10 CS (K1-K9), Mulan 20 SP
(M1-M9) and Pyrinex 250 CS (P1-P9) and recovery at further 24 h (i.e., 48 h)

following exposure to in clean water.

Karate Zeon 10 CS Mulan 20 SP Pyrinex 250 CS
Treatment

24 h (%) 48 h (%) 24 h (%) 48 h (%) 24 h (%) 48 h (%)
C 100 100 100 100 100 100
1 75 62.5 87.5 87.5 87.5 87.5
2 50 375 75 75 87.5 75
3 25 12.5 87.5 87.5 75 75
4 0 0 75 75 50 50
5 0 0 50 375 12.5 0
6 0 0 0 0 0 0
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0

The LD50 values obtained at 24 h exposures and the 95 % confidence limits revealed that Karate
Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS showed high toxicity. The effects of each pesticide
on O. mossambicus were strongly influenced by the level of concentration (Figure 4.1). No

significant differences were observed in mortality across treatments (p > 0.05). Results from probit
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analyses showed 2.1 pL, 5.2 mg and 21.5 puL LD50 values of Karate Zeon 10 CS, Mulan 20 SP

and Pyrinex 250 CS, respectively (Table 4.5).

Table 4.5. Probit analysis results with Chi—square goodness—of—fit test to determine
lower limit, upper limit and lethal-dose 50 following exposure of Mozambique
tilapia, Oreochromis mossambicus at various concentrations of Karate Zeon 10 CS,

Mulan 20 SP and Pyrinex 250 CS.

Groups H df P Lower limit Upper limit LD50
Karate Zeon 10 CS 2.87 7 0.897 0.8 pL 3.7 uL 2.1 L
Mulan 20 SP 4.67 7 0.701 2.4 mg 13.5mg 5.2 mg
Pyrinex 250 CS 4.8 7 0.684 8.8 uL 54.1 pL 21.5 pL

Figure 4.2 presents the probit model. Log doses of each pesticide were plotted against probits i.e.,
response of O. mossambicus when exposed to Karate Zeon 10 CS, Mulan 20 SP and Pyrinex 250
CS at various concentrations (Table 4.1), used to analyse LD50. Karate Zeon 10 CS and Mulan 20

SP were not distributed randomly compared to Pyrinex 250 CS
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Figure 4.2. Output for the determination of the 24 h median lethal dose (LD50) of (a) Karate Zeon 10 CS
(ML), (b) Mulan 20 SP (mg) and (c) Pyrinex 250 CS (juL) to Mozambique tilapia, Oreochromis mossambicus.
Probits also referred to as proportion killed/mortality, i.e., the response of O. mossambicus and log of

concentration (toxicity of chemicals), i.e., dose of each pesticide.
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4.4 Discussion

Alteration in behaviour patterns is one of the most sensitive indicators of environmental stress
(Scherer, 1992). Behavioural information provides insights into external (morphological) and
internal (physiological) adaptive changes of an organism due to the impacts of chemical pollutants
(Legradi et al., 2018). In the present study, we assessed onset times for dysfunctional behaviours
in Mozambique tilapia O. mossambicus, exposed to field and background concentrations of Karate
Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS, but found total mortality onsets within a critical 3
h observation period for field concentrations. These results serve to increase the breadth of
knowledge regarding the impacts of macadamia pesticide applications, in particular on this fish
species. While the effects of aquaculture chemicals on fish have generally been well assessed,
relatively few studies have examined the effects of agricultural pesticides such as Karate Zeon 10
CS (Bownik et al., 2019), Mulan 20 SP (Halse et al., 1998) and Pyrinex 250 CS (Montemurro et

al., 2002) on aquatic organisms, and, according to our knowledge, none on O. mossambicus.

Studies conducted by Boone and Semlitsch (2002), Camargo and Alonso (2006), and Majumder
and Kavjraj (2019) indicate that when fish or other animals are exposed to a pesticide at lethal or
sub—lethal concentrations, a wide variety of behaviour changes occur, but higher concentrations of
pesticides are more often associated with negative effects and more rapid onsets (Puglisi, 2012).
Nevertheless, chronic exposure might present additional adaptation to the chemical stress that, if
successful, will permit the organisms to continue to function normally in their environment, or

they might indicate partial failure of one or more physiological functions (Soares et al., 2016).
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The present study indicated that the behavioural responses from exposure to Karate Zeon 10 CS,
Mulan 20 SP and Pyrinex 250 CS differed significantly, ranging from early onset behaviours, i.e.,
at high concentrations to delayed behaviours, i.e., at low concentrations (Figure 4.1). Some non—
significant differences were observed across pesticide treatments, for instance, loss of equilibrium
within Karate Zeon 10 CS; vertical, motionless, loss of equilibrium and mortality within Mulan 20
SP; and lastly, motionless, surface and mortality within Pyrinex 250 CS treatments. Nevertheless,
significant differences were found among concentrations of each pesticide group. Mortality and
recovery rates did, however, not differ across pesticide groups. These findings are similar to those
of other research on the responses of O. mossambicus exposed to pyrethroids (Chandrasekera and
Premaratna, 2016), neonicotinoids (Pandya et al., 2020), and organophosphates (Ghayyur et al.,
2019). Although we did not find any literature on the response of O. mossambicus to Karate Zeon
10 CS, Mulan 20 SP and/or Pyrinex 250 CS, other studies have revealed that when O. mossambicus

is exposed to agricultural chemicals at different concentrations, they also exhibited different

behavioural traits.

The behavioural traits included differential swimming patterns, surfacing activity, gills operculum
activity, mucous secretion, food intake and excretions from the fish, which occurred at various
levels of pesticides (Shafiei and Costa et al., 1990; Basirun et al., 2019; Kumar et al., 2011). For
example, a study by Parithabhanu and Khusnumabegam (2013) showed behavioural traits of O.
mossambicus such as restlessness, obscured swimming patterns, loss of equilibrium, and mortality,
however, when treated to cypermethrin. Here, O. mossambicus was recorded to change its
swimming pattern and surfacing activity after exposure in all treatments. The fish swam erratically

with signs of suffocation at the water surface before becoming motionless, with some fish

11
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positioned upside—down prior to mortality. According to Kane et al. (2004), the erratic swimming
movements in the fishes might be due to the inhibition of AchE (acetylcholinesterase) by the toxic
effect of pesticides. Increased surfacing activity after exposure suggests an elevated rate of
metabolism and altered physiology of fish due to hypoxia. According to Saxena and Parashari

(1982), the surfacing activity compensates for oxygen deficiency from the medium and extracts

more oxygen to meet the extra energy to cope with toxicity.

Mozambique tilapia, Oreochromis mossambicus showed a low rate of mortality at a low
concentration and high rate of mortality at high concentration across each pesticide. Using
Finney’s probit analysis as recommended by Miller and Tainter (1944), the LD50 values of O.
mossambicus in this study were found to be 2.1 pL, 5.2 mg and 21.5 uL for Karate Zeon 10 CS,
Mulan 20 SP and Pyrinex 250 CS, respectively. This shows that selected pesticides are highly
toxic to O. mossambicus at field concentration and can cause 50 % mortality even at background
aquatic environment concentrations. Chlorpyrifos is highly toxic to fish (LD50 for 24 h 5.38 uL~
1) and affects their survival (Mishra and Devi, 2014). A study conducted by Sharma (2014)
concerning organophosphate insecticide found an LD50 value of 0.03 puL™*; however, at 96 h
exposure. Sanchez—Bayo (2012) found LD50 value of 0.01-0.5 mg looking at non—target fish

organisms exposed to neonicotinoids insecticides.

Non-target organisms in different aquatic ecosystems contaminated with pesticides at different
concentrations from various sources such as agricultural sectors may suffer deleterious or deadly
consequences, resulting in an indirect disruption in food webs. However, the effects of pesticides

at field concentrations on O. mossambicus cannot directly correspond to what happens in aquatic

12

© University of Venda



o
& Universi fenda
@)

environments. Moreover, the distribution and stability of these pesticides in water systems and
their effects on non-target organisms may vary with the size of water bodies and the amount of
chemicals being applied. For example, fish predators such as birds may suffer severe effects from
trophic transfer when they feed on fish exposed to pesticides. The overall behavioural responses
of O. mossambicus when exposed to each pesticide at different concentrations suggest high
sensitivity at the tested concentrations, but further studies should examine those under a greater
degree of dilution to determine critical thresholds for mortality. Furthermore, the recommended

field concentration of each pesticide is about 70-80-times the LD50 determined in this study.

3.5 Conclusions

In conclusion, the present study indicated that pesticides, i.e., Karate Zeon 10 CS, Mulan 20 SP
and Pyrinex 250 CS, which are commonly used by macadamia farmers in South Africa, affect
behaviours of O. mossambicus. Several onset behaviours, i.e., response variables, were found to
differ significantly among concentrations of each pesticide group, indicating the capacity of O.
mossambicus to tolerate various concentrations differently. After assessing the effects of Karate
Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS on O. mossambicus and behavioural changes, the
following main conclusions can be drawn: (a) the nature of behavioural responses of O.
mossambicus differed when exposed to selected pesticides, but varied in terms of onset times and
concentrations; (b) effects of Karate Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS at high
concentrations, i.e., field concentrations caused high mortality rates compared to background
concentrations; and (c) LD50 of each pesticide was determined and was well-within
concentrations used in the present study. Regarding the increasing rate of macadamia plantation

and the utilization of chemicals as pest controls, continuous exposure of non—-target organisms will
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result in a high concomitant decline in aquatic populations. Further research is needed to assess
other macadamia pesticides that are likely to pose less effects, even at a high concentration, to
non—target animals and behavioural responses of aquatic macroinvertebrates. Such studies will
improve our understanding of the interaction between toxicological and ecological mechanisms
(Van den Brink, 2014), helping to improve our understanding of the environmental impacts of
chemicals and their risk assessment. The present study’s findings can be used for effective
management and to determine the safe level of Karate Zeon 10 CS, Mulan 20 SP and Pyrinex 250
CS disposal through agricultural run—off to natural water bodies to minimise its toxic effect on

non-target organisms and aquatic ecosystem.
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Chapter 5: Pesticides Drive Differential Aquatic Leaf Litter Decomposition

and Mosquito Colonisation Dynamics

Plate 5. Decomposed macadamia Macadamia integrifolia and mosquito (larvae, pupae) in 10 L
containers submerged in 1.9 L filtered (filter size 63 um) borehole + river water and Mulan 20 SP

treatment following 8 weeks incubation period. Photo by Thendo Mutshekwa
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5.1 Introduction

Agriculture depends mostly on artificial lentic freshwater ecosystems as a source of water for
irrigation purposes, such as impounded ponds, reservoirs and lakes (Dalu et al., 2012; Saulnier—
Talbot and Lavoie, 2018; Cantonati et al., 2020). These freshwater ecosystems are also typically
prone to threats associated with human activities (Olden et al., 2010). Freshwater pollution
resulting from anthropogenic activities has become a widespread phenomenon over the past
decades. Among pollution sources, agriculture intensification coupled with changes in practices to
increase agricultural yields has led to massive inputs of toxicants into many aquatic ecosystems
(Vorésmarty et al., 2010; Becker and Liess, 2017). Pesticide inputs may seriously threaten aquatic
communities when they contaminate the sediment, water and vegetation. Pesticides can be harmful
to various taxa, including fish, invertebrates, plants and even microbial communities, with

implications for the entire food web (Rossi et al., 2018).

Agricultural pesticides are known to significantly impact the composition of aquatic communities
and ecosystem processes (Rasmussen et al., 2012; Dalu and Tavengwa, 2022). The exposure of
communities and ecosystem processes to agricultural pesticides has been shown to reduce primary
production, with consequent impacts on invertebrates and other components of food webs
(Rasmussen et al., 2012). Primary production and leaf litter decomposition are two key
complementary ecosystem processes that ensure organic matter turnover, nutrient cycling and the
provisioning of many ecosystem services. These two key processes also play a critical role in
aquatic ecosystems (Hooper et al., 2012; Mutshekwa et al., 2020). Some freshwater aquatic
ecosystems receive litter from the terrestrial ecosystems. In agricultural landscapes, much of this

litter can come from crops which rely on pesticides spray for insect pest control. Experimental
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studies suggest that agricultural pesticides can alter microbial and detritivore decomposer
communities with implications for litter decomposition rates (Zubrod et al., 2014; Cornejo et al.,
2020). These processes likely affect aquatic food webs and habitats through reduced nutrient
release dynamics and increased detrital accumulation (Shurin et al., 2006). As pesticide use

increases, there is a pressing need to understand how aquatic ecosystem processes respond to these

pollutants, particularly in the tropics where such studies are scant.

The macadamia Macadamia integrifolia (Maiden and Betch), is an evergreen tree nut species
native to Australia with important commercial value (Borompichaichartkul et al., 2009). South
Africa is the largest macadamia producer globally (50 133 ha under cultivation and 50 000 t of
production per year), followed by Australia and the USA, and with China and some South
American and African countries growing fast in production (Macadamias South Africa (SAMAC),
2021). In South Africa the industry is predominantly spread over the Mpumalanga (44 %),
KwaZulu— Natal (28 %) and Limpopo (20 %) provinces (Macadamias South Africa (SAMAC),
2021). Rapid increases in macadamia plantations have resulted in the significant removal of natural
vegetation to make space for macadamia plantations over the last decade (Schoeman, 2009; Linden
et al., 2019; Linden, 2019). Given the rapid growth of a highly profitable macadamia industry in
South Africa, it is essential to investigate associated horticultural practice impacts on nearby

aquatic ecosystems.

To the best of our knowledge, no studies have examined the impacts of pesticides on M. integrifolia
leaf litter decomposition and associated aquatic ecosystem communities. This study used an ex—

situ microcosm approach to examine the effects of commonly used pesticides (i.e., Karate Zeon
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10 CS, Mulan 20 AS, Pyrinex 250 CS) in macadamia plantations on leaf decomposition under
lentic conditions. We further assess macroinvertebrate establishment associated with the pesticide
treatments, using a common, ubiquitous and highly mobile semi—aquatic invertebrate taxon (i.e.,
mosquitoes) as a proxy for potential effects on colonisation. We further assessed primary
production (i.e., chlorophyll-a) associated with pesticide treatments over time. We explored these
pesticides individually to test our hypotheses that (i) M. integrifolia leaf litter decomposition will
vary among pesticide treatments and that pesticide—free treatments will decompose fastest, due to
adverse pesticide effects on decomposition and/or colonisation, (ii) phytoplankton biomass will

differ among pesticide treatments with pesticide—free environments having the highest levels of

chlorophyll-a, and (iii) exposure of leaf litter to pesticides reduces invertebrate colonisation.

5.2 Materials and methods

5.2.1 Pesticide background

The three pesticides used in the experiment were Karate Zeon 10 CS (Syngenta, Pretoria), Mulan
20 SP (ADAMA, Johannesburg), and Pyrinex 250 CS (ADAMA, Johannesburg). Karate Zeon 10
CS has lambda—cyhalothrin (pyrethroid) as an active ingredient, whereas, Mulan 20 SP has
acetamiprid (neonicotinoid) and Pyrinex 250 CS has chlorpyrifos (organophosphate). The three
pesticides were purchased in local agricultural stores authorised for the sale and distribution of
agrochemicals. Pyrinex 250 CS and Karate Zeon 10 CS are capsule suspension contact and
stomach pesticides for the control of macadamia insects, such as thrips (Scirtothrips aurantia),
cotton aphid (Aphis gossypii), and stink bugs (various species). Mulan 20 SP is a water—soluble
powder, systemic, contact and stomach insecticide to control pests on macadamia, canola, citrus,

tomatoes, wheat, barley, oats, cotton and rooibos tea. The spray mixture (or dilution) volumes of

18

© University of Venda



d
(&) oy onee

200 mL per 100 L water, 5 mL per 100 L water, and 40 g 100 L™ water are for Karate Zeon 10
CS, Mulan 20 SP, and Pyrinex 250 CS, respectively, and according to the manufacturer
recommendations. These pesticides can be applied by any medium or high-volume applicator,
aerially or on the ground. The applicator is correctly calibrated and fitted with an efficient agitation
mechanism. These pesticides were chosen for this study because they are the most commonly used
pesticides by macadamia farmers in the Luvuvhu River Valley area for pest control (Nortjé et al.,
2017). The pesticide concentrations in the current study were diluted in a 50 mL container filled
with 30 mL of water and 0.5 mL hydrobuff (Nutrico, Johannesburg), which helps maintain the pH

level to increase the efficacy of the solution, and 0.5 mL wetta (Nutrico, Johannesburg), thus

promoting adherence to leaf litter.

5.2.2 Study area

The study was conducted from November to December 2020 at the Department of Geography and
Environmental Sciences (—22.977580" S, 30.443819" E), the University of Venda, Limpopo
Province of South Africa. Newly fallen M. integrifolia leaf litter with no sign of herbivory or decay
were collected in late October 2020 from beneath trees by hand, given that many plants reabsorb
nutrients from the leaves before senescence (Staaf and Berg, 1982) in the MACADAMIA
ORCHARD (—23.058085, 30.280568), Tshakhuma village, Limpopo Province, South Africa.
Only leaves with no sign of herbivory or decay were collected. After collection, leaf litter was air—
dried at room temperature. Borehole water was collected from the Agriculture Department within
the university campus, and river water was collected from the nearest water body (-22.982908" S,
30.442826" E). The area has a humid, subtropical climate and receives an average annual rainfall

range of between 400 and 800 mm, with peak rainfall between 1000 and 1500 mm occurring in
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January and February. High temperatures (i.e., up to 40 °C) occur between October and March,

with the cool-dry season temperatures ranging between 12 °C and 22 °C. The area soil type is

loam, which is red due to iron oxide.

5.2.3 Experimental design

The experiment was performed using a microcosm approach under controlled conditions. We used
40 x 10 L containers to represent four treatment types (i.e., ten replicates x 3 pesticides + controls
without pesticides). After drying, approximately 3 g of the leaf material was weighed out using a
RADWAG WPS 2100/C/1 precision balance, for inclusion in each bucket. Each leaf bundle (3 g)
was then sprayed with 10 mL pesticide volume using foliar plant spray with different pesticides,
following field concentrations that the macadamia farmers use i.e., Karate 10 CS (100 uL), Mulan
(500 mg) and Pyrinex 250 CS (4500 uL) and recommendations by the macadamia farmers. Control
leaf litter was sprayed with distilled water to stimulate the spraying treatment of pesticide leaf
litter. The leaf litter was then left for 24 h to allow for chemicals to dry on the litter to avoid
chemicals being washed off. Leaf litter bundles (3 g each) were then added into 10 L white
polyethylene buckets (white plastic buckets; 20 cm diameter at the base, 24 cm high; leaf litter
mass to water ratio 1:100), filled with 9 L of filtered (filter size 63 pum) borehole + river water
(70:30 ratio). Leaves were made to sink by hand upon inoculation and buckets were topped up to
the 9 L water level mark every week with filtered (GF/F filter 0.02 um, @ 47 mm) borehole water
to replenish water lost due to evaporation. River water was charaterised by temperature 27.3 £ 0.2
°C, conductivity 263.5 = 4.0 uS cm 2, total dissolved solids 127 + 2.6 mg L™* and pH 6.85 + 0.1
and borehole water was characterised by temperature 27.2 + 0.2 °C, conductivity 169.3 + 4.0 uS

cm %, total dissolved solids 85.5 + 2.6 mg L™* and pH 6.6 + 0.1. The initial mean (n = 10) water
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temperature in the buckets was 25 + 0.2 °C (SE), conductivity 232 + 4.0 uS cm?, total dissolved
solids 115 + 2.6 mg L™ and pH 8.3 + 0.1. Once inoculated with treated leaf litter, all buckets were

placed outside in an open rooftop area in a randomised array, at the Environmental Sciences

building, University of Venda, approximately 0.5 km away from the nearest water body.

The experiment ran for 8 weeks. Water parameters (i.e., conductivity (uS cm™?), total dissolved
solids (mg L), pH and temperature (°C) were measured on the first day of the experiment and
every 7 days for the following 7 weeks using a handheld multi—parameter waterproof Cyber Scan
300 (Eutech Instruments, Singapore). In the eighth week, water was collected in each bucket using
100 mL container (n = 2) and then filtered (vacuum of < 5 cm Hg) through a 0.7 um Whatman
GF/F filter for chl-a determination (see below). After filtration, all mosquito larvae and pupae
were collected, including via rinsing from the container. All mosquitoes were immediately
transferred to 80 % ethanol, for subsequent identification. Mosquito larvae were broadly identified
to genus level using morphological features, mainly of the siphon and head, following
recommendations by Jupp (1996). For abundance estimation among replicates, mosquitoes were

enumerated according to taxa.

The remaining decomposed leaf litter was removed from the containers after 8 weeks using
forceps. Each replicate per treatment was placed into a separate polyethylene zip (40 mm x 40
mm) to prevent loss of decomposed leaves. In the laboratory, decomposed leaf litter was then
gently rinsed with sterilised distilled water to remove any algae and mosquito larvae, oven—dried
at 60 °C for 48 h and weighed using RADWAG WPS 2100/C/1 precision balance, following

recommendations by Harmon et al. (1999). Results were expressed as the percentage of initial
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oven—dry mass remaining. Additionally, approximately 3 g air—dried leaf litter samples (n = 10),
which were not incubated in buckets and not sprayed, were oven—dried at 60 °C for 48 h to a

constant mass to allow calculation of initial air—dry mass to initial oven—dry mass conversion

factors, needed to estimate initial leaf litter oven—dry mass.

5.2.4 Water samples and chlorophyll-a concentration determination

After filtration, the filters from water sampled for chl-a determination were inserted in separate
labelled bottles containing 10 mL acetone and stored in the center of the atrium in an open space
for 24 h to allow chl-a extraction (Hansson et al., 1998). Chlorophyll-a was measured as an
estimate of phytoplankton biomass in duplicate polyethylene bottles (100 mL) filled with water
from each leaf container. After 24 h, chl-a concentration was determined using SPECTROstar

NANO (BMG LabTech GmbH, Ortenberg) according to Lorenzen (1967):

Chla (mgm™3) =114 x K x ((665, — 750,) — (665, —750,)) X V, +L X Vs

Where, L — cuvette light—path (cm), Ve — extraction volume (mL), V: — filtered volume (L) and K

—2.43.

5.2.5 Statistical analyses

The effects of pesticide treatment (4 levels, including controls) and observation week (8 levels) on
key water parameters (pH, conductivity, total dissolved solids and temperature) were examined
using linear mixed—effects models. Individual containers were included as a random effect

(intercept) to account for repeated measures over the experimental period. A Kruskal-Wallis test
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was used to compare the variation in mosquito larval and pupal groups among treatments (4 levels),
as the Shapiro—-Wilk test indicated non—normality. Remaining mass (final oven—dry mass: initial
oven—dry mass) expressed as percentage of the leaf litter in each treatment was log—transformed
prior to the analyses. Remaining mass (%) and chl-a concentrations were analysed separately
using a one-way Analysis of Variance (ANOVA) according to treatment (four levels). Tukey
post-hoc tests were used to evaluate multiple comparisons among chl-a concentrations and

remaining mass (%) where effects were significant. In all analyses, significance was inferred at p

< 0.05. All statistical analyses were performed using IBM SPSS Statistics 28.0.0.0.

5.3 Results

5.3.1 Environmental variables

Across treatments, conductivity (204.1-551.8 uS cm™t), total dissolved solids (101.9-243.1 mg
L-1), pH (5.9-8.9) and temperature (range 25-35.4 °C) differed substantially (Table 5.1).
Conductivity, total dissolved solids and pH, measured throughout the monitoring period, differed
between treatments and over time, but with no treatment x time interactions (Tables 5.1, 5.2).
Control and pesticide treatments i.e., Karate Zeon 10 CS, Mulan 20 SP and Pyrinex 250 CS were
all significantly different pairwise (p < 0.05) in terms of pH, conductivity and total dissolved
oxygen (Table 5.1). Temperature, however, differed only according to time and not treatment,

indicating that treatment effects were not confounded by temperature variations.
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Table 5.1. Mean (x standard deviation) (n = 10) of environmental parameters measured across treatments over time

(8 weeks).

Parameters Treatments Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

Conductivity (uS cm™) Control 323.0+0 235.5+1 252.9+1.2 315.5+2.4 | 546.4%1.2 327.9+1.4 | 2785+0.1 | 204.7+0.7
Karate Zeon 10 CS | 232,040 225.0+1.9 258.0+4 319.945.7 551.8+6.2 340.8£5.0 277.612.8 205.8+3.3
Mulan 20 SP 232.010 227.6£1.3 | 254.5+1.4 307.1+1.2 | 544521 326.0£1.6 | 272.1+12 | 204.1%0.1
Pyrinex 250 CS 232.0£0 236.945.5 258.046.3 318.745.4 | 538.6+16.8 | 2757449 | 275.714.9 206.3%3.7

Total dissolved solids mg L) | Control 115.0+0 115.740.3 | 126.1+0.6 155.1+0.6 | 240.6+0.9 163.0£0.7 | 138.840.4 | 102.810.3
Karate Zeon 10 CS | 115.0£0 111.741.1 128.7£1.9 158.4%2.3 243.1%5.2 166.7£2.9 138.4%15 102.8%1.7
Mulan 20 SP 115.0£0 114.3%0.6 126.920.7 153.6£0.6 233.9+1.1 162.9£0.8 124.920.5 101.920.5
Pyrinex 250 CS 115.0+0 118.3+3 128.7£3.1 159.2+2.6 240£3.5 163.2+1.9 113.8+1.9 102.7+1.9

pH Control 8.2.0%0 7.710 7.710 7.710 8.810 8.310.4 6.5%0 6.0%0
Karate Zeon 10 CS | 8.3.0+0.1 8.00 7.710 7.710 8.940 7.00 6.840.1 6.00.1
Mulan 20 SP 8.3.0+0 8.0%0 7.8%0 7.8£0 8.9%0 7.0£0 6.710 5.9%0
Pyrinex 250 CS 8.3.0£0.1 8.0£0 7.8%0 7.710.1 8.910.1 7.1£0.1 6.6£0.1 6.0£0.1

Temperature °C Control 25.0+0 33.10 22.310 30.240.2 21.710 19.8+0 32.610 35.0%0
Karate Zeon 10 CS | 25,040 33.540.5 22.20 30.5+0.2 22.0+0.1 19.840 32.940.1 35.4+0.2
Mulan 20 SP 25.40 33.1%0 22.240 30.410.3 21.8%0 19.7£0 32.940.1 35.310.1
Pyrinex 250 CS 25.0 0 33.240.1 22.310 30.3+0.1 21.740.1 19.740.1 32.740.1 35.2+0.2
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Table 5.2. Linear mixed—effects model results considering key water parameters as a
function of leaf Treatment and Time (week), and their interaction. F—values are

discerned with Type III sums of squares via Satterthwaite’s method. Significant p—

values are in bold.

Parameter Predictor F p
Temperature Treatment 1.23 0.310
Time 2565.10 <0.001
Treatment x Time 1.74 0.202
pH Treatment 30.62 <0.001
Time 4148.40 <0.001
Treatment x Time 1.17 0.292
Conductivity Treatment 1042.81 <0.001
Time 12988.78 <0.001
Treatment x Time 0.23 0.637
Total dissolved solids Treatment 185.80 <0.001
Time 3497.23 <0.001
Treatment x Time 1.40 0.251

5.3.2 Mosquito abundances

Overall, a total of 456 individual mosquitoes were counted across all treatments. Culex spp.
comprised 77.4 % of all mosquito numbers, with 0.9 % identified as Anopheles spp. and 21.7 %
unidentified as they were at the pupal stage. No significant differences were detected for Anopheles
spp. abundances across treatments (Kruskal-Wallis: H = 2.054, df = 3, p = 0.216), whereas Culex
spp. differed significantly (Kruskal-Wallis: H = 29.126, df = 3, p = 0.004). Larval mosquito
numbers were by far the highest in Mulan 20 SP and followed by Pyrinex 250 CS, control and
then Karate Zeon 10 CS (Figure 5.1). Mosquito pupae of both genera differed significantly across
treatments (Kruskal-Wallis: H = 31.848, df = 3, p = 0.018). Mosquito pupae numbers were by far
the highest in Mulan 20 SP and followed by Pyrinex 250 CS, Karate Zeon 10 CS and then control

(Figure 5.1).
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Figure 5.1. Total (larvae + pupae), larval (Culex spp. and Anopheles spp.) and pupal (all genera) mosquito
abundances (mean + SD, n =10) in 9 L containers across experimental treatments of Macadamia integrifolia
leaf litter treated with Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS and pesticide—free controls at the

end of the experiment (8 weeks). Abbreviation: ind — individual.

5.3.3 Chlorophyll-a concentration

Chlorophyll-a concentrations generally increased in control treatments compared to pesticide
treatments (F = 0.472, df = 3, p = 0.033) (Figure 5.2). Pesticide—free control treatments had
significantly higher mean chl—a concentration (0.30 mg L) compared to Karate Zeon 10 CS (0.02
mg L 1) and Mulan 20 SP (0.04 mg L ™). Chlorophyll-a concentrations demonstrated differences

among pesticide treatments following a decreasing order of Pyrinex 250 CS > Mulan 20 SP >
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Karate Zeon 10 CS. Following Tukey's post—hoc analysis, significant differences were highlighted

between treatments i.e., control vs Karate Zeon 10 CS (p < 0.001), control vs Mulan 20 SP (p <

0.001), Karate Zeon 10 CS vs Pyrinex 250 CS (p < 0.001) and Mulan 20 SP vs Pyrinex 250 CS (p

< 0.001).
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Figure 5.2. Chlorophyll-a concentrations (mean * SD, n = 10) from Karate Zeon 10 CS, Mulan 20 SP,

Pyrinex 250 CS, and control treatments at the end of the experiment (8 weeks).

5.3.4. Decomposition

Leaf litter mass remaining (%) of M. integrifolia at the end of the experiment differed significantly
between treatments i.e., control, Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS (F = 11.034,
df = 3, p < 0.001), following a decreasing order of Mulan 20 SP (56.7 %) < Control (77.8 %) <
Karate Zeon 10 CS (84.8 %) < Pyrinex 250 CS (88.5 %). Leaf litter treated with Mulan 20 SP

drove increased decomposition, with significantly reduced mass compared to Karate Zeon 10 CS,
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Pyrinex 250 CS and controls (all p < 0.001) (Figure 5.3). Following Tukey's post—hoc analysis,

significant differences were highlighted between treatments i.e., control vs Mulan 20 SP (p <

0.004), Karate Zeon 10 CS vs Mulan 20 SP (p < 0.001), Mulan 20 SP vs Pyrinex 250 CS (p <

0.001).
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Figure 5.3. Oven—dry mass remaining (mean = SD, n = 10) of macadamia leaf litter treated with the pesticides

Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS, and pesticide—free (controls) at the end of the experiment

(8 weeks).
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5.4 Discussion

Several studies have examined the impact of agricultural pesticides on streams, colonisation and
aquatic ecosystem processes, providing vital insight into how they affect functioning and integrity
(Artigas et al., 2012; Muturi et al., 2017; Cornejo et al., 2020; Cornejo et al., 2021). However,
there had been research gaps on how different pesticides affect aquatic ecosystem functioning and
integrity in lentic systems. With increased plantation of macadamia near aquatic systems,
understanding the effects of agricultural pesticides on macadamia leaf litter decomposition,
primary production and colonisation is of high interest, to predict the consequences of changes on
aquatic ecosystem functioning. Our results reveal diverse effects of pesticides commonly used in
macadamia farms on macadamia leaf litter decomposition, associated primary productivity and
invertebrate colonisation dynamics. Agricultural pesticides are known to contaminate streams and,
together with associated stressors such as organic pollution and habitat loss, alter their assemblages
(Fugeére et al., 2016; Rasmussen et al., 2012; Cornejo et al., 2019) and impair their functioning

(Dawoud et al., 2017; Cornejo et al., 2020; Fugere et al., 2020).

Using an ex-situ microcosm experiment, overall, we found that Karate Zeon 10 CS and Mulan 20
SP had a significantly negative effect on water column primary productivity (using chl-a
concentrations as a proxy), while Pyrinex 250 CS seemed to have little effect when compared to
control treatments and also effected conductivity, total dissolved solids, and pH significantly
across treatments and weeks. Furthermore, we found that pesticide type strongly influenced M.
integrifolia decomposition rates. Pesticide effects on decomposition were significantly higher for
Mulan 20 SP compared to Karate Zeon 10 CS and Pyrinex 250 CS. Furthermore, Mulan 20 SP and

control treatments also differed significantly. Lastly, we found that select pesticides used in M.
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integrifolia plantation may promote the colonisation, development and/or growth of invertebrates,
specifically mosquitoes. Consistent with previous work using microcosm approaches to mimic

aquatic systems, pesticides generally affected decomposition, primary production and colonisation

(e.g., Kominoski et al., 2007).

Environmental parameters can regulate invertebrate development and act as indicators of water
quality (Morrissey et al., 2015). In this study, conductivity, total dissolved solids, and pH differed
significantly across the experimental period and treatments. These measures show that the water—
quality parameters we measured may have played a role in differential colonisation across
treatments, primary production and decomposition. With regard to primary production, high levels
of chlorophyll-a often indicate poor water quality and low levels often suggest good conditions;
poor (chl-a > 20 ug L), fair (5 < chl-a < 20 pug L™), good (chl-a < 5 pug L) (Huang et al.,
2011). Consistently high or variable chlorophyll-a concentration may indicate the occurrence of
algal blooms, which can be harmful to other aquatic organisms. During the present study,
phytoplankton biomass varied among the different pesticide treatments and controls. In particular,
Karate Zeon 10 CS and Mulan 20 SP caused significantly reduced chlorophyll-a concentrations
whereas there was a high chlorophyll-a concentration in control and Pyrinex 250 CS treatments.
The abundance of algal assemblages, which are important food resources for filter feeders such as
mosquito larvae (Merritt et al., 1992), are affected by multiple interactive factors such as water

chemistry (Stevenson et al., 1996).

Allochthonous inputs are crucial factors affecting resource availability within aquatic systems

(Cuthbert et al., 2022). As expected, following a similar study by Muturi et al. (2013), exposure to
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pesticides affected decomposition significantly. In the present study, leaf litter decomposition, a
key ecosystem process in freshwater environments, was reduced (11.5-43.3 %) under pesticide
treatments. While there is an absence of literature on the effects of agricultural pesticides on M.
integrifolia leaf litter, several studies evaluating the effects of agricultural pesticides on various
plant species have indicated that pesticides significantly reduced the rate of leaf litter
decomposition (Hagen et al., 2006; Piscart et al., 2009; Magbanua et al., 2010; Muturi et al., 2013).
A recent study by Sumudumali et al. (2022) reported a reduced mass loss of Panicum maximum
leaf litter when exposed to agricultural pesticides. It has been well noted that the decomposition of
litter is highly influenced by litter quality (in terms of Carbon: Nitrogen ratios), but also by climate
(mainly temperature), and the composition of decomposer organisms. Leaf litter characteristics are
of great importance in controlling both the short and long—term decomposition rates. Furthermore,
microbial decomposition activity has been indicated to be affected by the availability of oxygen,
with low oxygen levels often resulting in slow decomposition rates (Medeiros et al., 2009). The
differences in the period of decomposition vary tremendously among plant species, with leaves
that decompose slowly often having high leaf toughness scores (Ramos et al., 2021). However, we

did not measure leaf toughness, C:N ratios or oxygen concentrations in this study.

The direct cause of mass loss in the present study was unclear and we are unsure of different
contributions (i.e., leaching, microbial or invertebrates), and that pesticides effects likely resulted
from impaired biological activity. However, a predominance of fungi in microbial decomposers
has been found in microcosms experiments (Hieber and Gessner, 2002; Gulis and Suberkropp,
2003; Afolabi et al., 2019). The fact that Mulan 20 SP had increased decomposition indicates that

the effects were due to the main active pesticide ingredient, i.e., acetamiprid (neonicotinoid).
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Variation in mass loss among pesticide leaf treatments is not surprising, given that impact of
pesticides on leaf litter decay can be influenced by pesticide toxicity to microorganisms
(Rasmussen et al., 2012). Furthermore, increasing pesticide activity that is associated with

agricultural production has been shown to decrease microbial diversity, and decomposition

(DeLorenzo et al., 2001; Afolabi et al., 2019).

However, due to the nature of our experimental design, we could not determine whether the effect
of pesticides on decay rates was driven by microbial communities, if any, present in the treatments
since microbial communities were not assessed. As such, the mechanisms by which leaf litter
degradation is affected are yet to be determined. Nonetheless, microbes have been recognised as
playing a dominant role in leaf litter decomposition and acting as source of food for aquatic
invertebrates (Merritt et al., 1992; Linenberg et al., 2016). It cannot be ruled out that microbes
altered colonisation of mosquitoes and decomposition in pesticides treatment since they play a

vital role in breaking down debris and act as a source of food for mosquitoes (Muturi et al., 2012).

Semi-aquatic invertebrates are an essential component of aquatic ecosystems. These taxa are
found in or on a multitude of microhabitats in streams. A large portion of invertebrates in these
systems comprises insects that externally colonise the terrestrial landscape, such as mosquitoes.
The presence of mosquitoes in the treatments is not surprising given that several taxa (e.g., Culex
pipiens) are referred to as container breeders, since they lay eggs in confined, artificial
environments (Cuthbert et al., 2019. We demonstrated that M. integrifolia leaf litter inputs treated
with pesticides, namely Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS and controls, differed

markedly in their effects on mosquito colonisation. These pesticides might adversely affect
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mosquito natural enemies, and therefore promote their proliferation through enemy release in
aquatic environments (Govindarajan et al., 2018). We found that Mulan 20 SP and Pyrinex 250
CS were by far the most favourable pesticides for the development of mosquitoes and caused
elevated abundances of larvae and pupae. Elevated mosquito abundances in Mulan 20 SP and
Pyrinex 250 CS could be due to their efficacy being lower in water, as a result of their active
ingredients i.e., acetamiprid (neonicotinoid) and chlorpyrifos (organophosphate), respectively,
being deactivated (Huston and Pignatello, 1999). Although not tested here, these pesticides might

also adversely affect mosquito natural enemies, and therefore promote their proliferation through

enemy release.

The almost complete absence of Culex spp. and Anopheles spp. in Karate Zeon 10 CS treatments
could be because pyrethroid insecticides cause rapid declines non—target organisms and are known
to hold dangerous toxic effects on the exposed organisms (Farag et al., 2021). However, low
abundances of Anopheles spp. across all treatments could largely be due to their habitat preference
for larger systems, i.e., not container-based habitats (Minakawa et al., 2004) or due to their egg
differences since Culex spp. lay eggs one at a time in a raft of 100 to 300 eggs resulting in less
capacity to exploit multiple habitats by an individual, whereas Anopheles spp. lay eggs singly at a
time (Mbare et al., 2014). Generally, pyrethroids (in this case, Karate Zeon 10 CS) are used against
adult mosquitoes and are not suitable for controlling mosquito larvae due to their high fish
toxicities. The reason for reduced colonisation could relate to habitat selection due to inadvertent
contamination of the larval habitat with permethrin, but we did not test to what extent it was drive
by colonisation differences or direct larval mortality post-arrival. Overall, high mosquito

abundances and colonisation in Mulan 20 SP treatments indicate better—perceived habitat quality
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for mosquitoes, such as through the more rapid decomposition and availability of organic matter

as resources in the water we observed.

Like other ecological studies, this study had several limitations. First, we quantified the rate of
decomposition and invertebrate abundances associated with M. integrifolia leaf litter exposed to
pesticide concentrations applied directly to M. integrifolia plantations, not concentrations in the
water bodies. Nonetheless, invertebrates are known to develop in reservoirs associated with high
levels of anthropogenic disturbance (Jatulewicz, 2007; Firmiano et al., 2021). Future studies
should examine the impact of M. integrifolia anthropogenic disturbances on invertebrate
colonisation and microbial abundances exposed at environmentally relevant concentrations.
However, we believe our results are a good starting point to the understanding of effects of such
pesticides on aquatic habitats, invertebrate communities and abundances, primary production as

well as decomposition dynamics.

5.5 Conclusions

In conclusion, we assessed variation in decomposition rates, mosquito colonisation and primary
production levels i.e., chlorophyll-a among pesticide treatments, namely Karate Zeon 10 CS,
Mulan 20 SP, and Pyrinex 250 CS as indicators for habitat quality. We found that pesticide
treatments induced shifts in decomposition, colonisation and primary production, but these effects
varied among pesticide type. The variety of litter decomposition across treatments would be most
likely due to leaching. However, leaching levels were not measured. Although not assessed, we
can further conjecture that mass loss could have been influenced by the capacity of microbial

decomposers to endure pesticides and, thus influence the nutrient levels available to mosquito
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larvae. These findings provide a basis for understanding the implications of pesticides in M.
integrifolia plantations and aquatic ecosystem processes. The findings are also essential for health
sectors in understanding how anthropogenic chemical contaminants may affect human health since
container aquatic habitats are mostly utilised by humans and are dominated by mosquitoes, which
transmit a wide variety of life-threatening human pathogens and parasites (Cox-Singh et al.,
2008). Based on our results, continuously increased plantation of M. integrifolia trees and
particular usage of Karate Zeon 10 CS as pest control will likely have a considerable effect on
invertebrate colonisation. However, interactions between leaf type, pesticides and invertebrates
can be highly complex and difficult to predict. We, therefore, propose that it is essential to consider
risks to invertebrate communities in aquatic ecosystems during the production of pesticides. The
use of pesticides in agriculture represents an important selective force likely to affect all types of
aquatic organisms. Therefore, further studies are required to directly link mosquito abundance and
community structure associated with detritus types and pesticide exposure. Furthermore, the
current findings stress the need for studies on macadamia leaf litter chemical characteristics to help

give insight of decomposition dynamics of macadamia leaf litter and the effects on functioning of

freshwater ecosystems and associated services.
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Chapter 6: Aquatic Macroinvertebrate Community Colonisation Dynamics in

Reservoirs Across Different Land—use Types
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Plate 6. Green mesh substrate filled with stones (length 15-20 mm; width and depth, range 10-15
mm) after retrieval from the MACADAMIA ORCHARD reservoir following 6 weeks incubation

period. Photo by Thendo Mutshekwa.
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6.1 Introduction

Tropical reservoirs are dynamic habitats that support significant biological diversity and provide
important ecosystem services (Moberg et al., 2003; Barbier et al., 2017). The degree to which
aquatic species ecological and biological features determine their distribution and abundance has
intrigued ecologists for a long time (Heino et al., 2018). Among aquatic species,
macroinvertebrates are the most diverse and abundant organisms in freshwater aquatic ecosystems
and are a key component of freshwater aquatic ecosystem functioning (Kratzer, 2002; Dalu et al.,
2021). Macroinvertebrate species differ in their response to habitat features, environmental
variables, and anthropogenic stressors with implications for composition dynamics at the
community level (e.g., Matthaei et al., 2006; Wang et al., 2007; Feld et al., 2007; Dalu et al., 2012;

Mofu et al., 2021).

In many developing regions, landscapes are comprised of a mosaic of communal human—
settlement and agricultural areas. In subtropical regions, these landscapes are often closely
associated with natural water bodies (Desmarais et al., 2002; Jia and Gao, 2017) and associated
reservoirs. Within the context of large—scale agricultural areas, reservoirs are usually located
within a delineated farm area and vulnerable to pesticide contamination, while communal
reservoirs are located outside of farms and thus exposed to discrete pressures. These mosaics of
reservoirs exposed to different stressors provide an opportunity to assess the discrete effects of
each stressor type, on ecosystem dynamics. Assessing the link between these different
anthropogenic activities and aquatic organisms within aquatic ecosystems is important for our

understanding of the broader impacts of agricultural/communal landscape mosaics. This also has
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implications for broader patterns of species distributions and colonisation in a changing world

(Verberk, 2011).

With rising global demand for agricultural commodities for use as food, feed, and bioenergy,
pressure on land is increasing (Alexander et al., 2015). During the recent decades, a high
percentage of aquatic ecosystems has been threatened or disappeared as a result of increasing land—
use activities (Marchetti et al., 2008). This constitutes an immense potential threat for the
populations of aquatic organisms. Increasing of many agricultural activities over the decades with
advances in technology and land use intensification in subtropical landscapes, and more especially
over the last 70 years, has allowed human to greatly expand land use (Ramankutty et al., 2006).
Subtropical areas are no exception; they are drastically and rapidly covering increased landscape
over a short period of time. This increase is mainly driven by increasing global population and
growing demand of food products (Ramankutty et al., 2006; Henchion et al., 2017). However, not
all agricultural operations are sustainable managed. As such, unmanaged agricultural activities
continue to put pressure on aquatic ecosystems (Sivakumar et al., 2000). As the demand for
agricultural production increases and is expected to continue to increase over the next few decades,
more especially in developing countries such as in the subtropical areas, the effects of agricultural

activities on aquatic ecosystems are becoming more intensive.

In shallow aquatic ecosystems, benthic habitats are particularly important for macroinvertebrate
communities. These habitats are sites for accumulation of organic matter of autochthonous and
allochthonous origin, and serve as sources of nutrients, organic compounds, and solutes which

interact with the water column (Sivakumar et al., 2000). They are also characterised by diverse
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substrate types, with implications for macroinvertebrate community structures (Sivakumar et al.,
2000). The preferences of macroinvertebrates for various artificial substrates in aquatic ecosystems
is the main focus of much research in the past decade (Geist and Hawkins, 2016). Colonisation of
artificial stones by macroinvertebrates has been extensively studied (e.g., Khalaf et al., 1980;
Zbinden et al., 2008; Rosa et al., 2013), and stones artificial have been highlighted as useful
experimental substrate for assessing colonisation dynamics (Miyake et al., 2003). Artificial stones
tones provide stable and suitable substrates for colonisation (Pfeiffer et al., 2022) as they are less
susceptible to being carried by water movement and other natural disturbances such as storms and
floods (Death and Winterbourn, 1995; Bhandari et al., 2018). Furthermore, their uneven surfaces
facilitate the movement and attachment of macroinvertebrates in reservoir or slow—flowing river
system, offering greater stability and availability of micro-sites for colonisation (Ayres—Peres et
al., 2006). Due to their roughness, stones provide a three—dimensional habitat that protects
macroinvertebrates from various disturbances (Ayres—Peres et al., 2006). As such, focusing on
stones in freshwater ecosystem is a good way of understanding macroinvertebrates communities

and associated environmental stressors and/or pesticide interactions.

Aguatic macroinvertebrates play a crucial role in transferring nutrients and environmental
pollutants to higher tropic levels (Berger et al., 2017). One of the major pollutants in reservoirs is
pesticides introduced in aquatic ecosystems due to anthropogenic activities such as agriculture
land use (Berger et al., 2017). Aquatic ecosystems in agricultural areas are frequently exposed to
agricultural land—use and/or chemical pollutants (Aktar et al., 2009). These agricultural activities
can alter the structure and function of biota in these ecosystems (Aktar et al., 2009). As such, the

current study seeks to contribute to the comprehension of the occurrence and distribution of
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macroinvertebrates and the effects on macroinvertebrates of different land—use types. We observed
increased acetamiprid and chlorpyrifos pesticide concentrations in MACADAMIA ORCHARDS
reservoirs and decreased pesticides concentrations in the communal area reservoirs (see chapter
3). As a results, the two reservoir areas were found to be the most suitable in understanding if
land-use types alter macroinvertebrate colonisation dynamics by comparing colonisation in
reservoirs with detected increased pesticide concentrations (i.e., MACADAMIA ORCHARD

reservoirs) and those with no to low pesticide concentrations (i.e., communal area reservoirs).

Here, using stones as “artificial substrate”, we assessed: (a) macroinvertebrate colonisation
dynamics in landscapes with different catchment practices to explore the feasible impact of
pesticides on macroinvertebrate community and (b) the influence/relationship of key water or
sediment variables to macroinvertebrate community structure within the MACADAMIA
ORCHARDS and communal area reservoirs. Artificial stone substrates were chosen instead of
conventional sweep-sampling method since there provide a valid alternative method for sampling
macroinvertebrate over a period of time. We hypothesised that 1) in both environments,
successional community dynamics would be marginal and different, given that both reservoirs are
polluted, but 2) primary colonising and successive community structure would be discrete between
environments, with environment being a greater driver of community structure than time, 3) water
and sediment characteristics would differ between the two reservoirs and that sediments are more
likely to influence macroinvertebrate communities due to a strong adsorption capacity for

pollutants.
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6.2 Materials and methods

6.2.1 Study area

The experiment was conducted between 02 March and 13 April 2022 in similar sized
MACADAMIA ORCHARD and communal reservoirs. MACADAMIA ORCHARD reservoirs
(Site 1, —23°06'31.6"S, 30°15'54.2"E; site 2, —23°06'54.5" S, 30°15'46.5" E) are located in the
southern foothills of the Soutpansberg Mountains, 20 km east of the town of Makhado (previously
Louis Trichardt) and the communal area reservoirs (Site 3 — 22°96'58.12.19”S, 30°39'56.45"E;
site 4 — 22°59'57.24"S, 30°39'57.53" E ) are located in Duthini village, Thulamela Municipality
within the same region (see Figure 3.1). ). Both MACADAMIA ORCHARDS and communal area
reservoirs are impounded streams and have estimated surface area ranging from 10.78 to 19.6 m
with mean surface of 15.70 m and average maximum depth of 6 m. MACADAMIA ORCHARD
reservoirs were selected due to their excessive concentrations of pesticides, whereas communal
area reservoirs were selected due to low or absence of pesticide concentrations (see chapter two).
Accordingly, pesticides (i.e., acetamiprid and chlorpyrifos) in the MACADAMIA ORCHARD
reservoirs were found to range from 5.67 to 14.48 pg Lt in sediments and < 6.51 pug L in surface
water (see Chapter 3). Both reservoirs are mainly used for domestic water supply and irrigation.
Pesticides in the communal area reservoirs were < 0.13 pg L™t in water and not detetcted in
sediments. MACADAMIA ORCHARDS were characterised by water lilies, whereas, communal

area reservoirs were characterised by tape grass Vallisneria spp.

6.2.2 Experimental design
Mesh bags with stones were deployed into macadamia and communal area reservoirs to assess

macroinvertebrate colonisation dynamics over time, following Suarez et al. (2022). Ethical
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clearance to conduct the current study was obtained from the University of Venda (Research and
Animal Ethics (ethical clearance number: FSEA/22/ERM/01/1103)). Similar sized stones (length
15-20 mm; width and depth, range 10-15 mm) were collected from the Mutshundudi River and
scrubbed with a brush to ensure that the stones are macroinvertebrates free. The stones were added
to 15 cm x 15 cm course mesh bags (5 mm mesh size) to allow easy macroinvertebrates movement,
with 48 mesh bags (i.e., 4 sites x 2 replicates x 6 weekly temporal sampling events) being
deployed. Each bag was filled with stones and attached with zip ties. All bags were randomly
introduced into both study reservoirs on Day 0 (2 March 2022) at a depth of ~0.5-1 m
approximately 1 m away from the shoreline. The bags were attached to ropes which were then
attached to wooden sticks near the reservoir shoreline to easy retrieval. The bags were placed at

least 1 m apart, with bag retrieval taking place at days 7, 14, 21, 28, 35, and 42 (hereafter referred

to as Week 1-6).

6.2.3 Macroinvertebrate colonisation

At each site, two mesh bags were retrieved during each sampling week. Once removed from the
water, the bags were immediately placed in a tray and the contents emptied, to avoid the loss of
macroinvertebrates. The macroinvertebrates were carefully separated from stones, and then
preserved in 70 % ethanol in labelled in 500 mL polyethylene containers for further processing in
the laboratory. In the laboratory, macroinvertebrates were sorted under dissecting Olympus
microscope using forceps and identified to lowest taxonomic level following a guide by Fry (2021)
and abundances enumerated. All taxa were further assigned to a functional feeding group (FFG)
(i.e., collector—gatherers, collector—filterers, scrapers, and predator) following a guides by Merritt

and Cummins (1996), Cummins et al. (2005) and Merritt et al. (2008) and Fry (2021).
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6.2.4 Environmental chemistry variables (water and sediments)

Water chemistry measurements and sediment collection were done on each day of mesh bags
retrieval day. Conductivity (US cm™), total dissolved solids (TDS: mg L ™), pH and temperature
(°C) were measured from the water using a handheld multi—parameter waterproof Cyber Scan 300
(i.e., 2 replicates x 4 sites x 6 weeks) (Eutech Instruments, Singapore). Sediment samples were
collected (n=2, 1.5kg, depth ~5-10 cm) at each site during each sampling day using a plastic
hand shovel after the removal of the overlaying debris. Upon collection, the samples were placed
into new polyethylene ziplock bags and immediately packed in a cooler bag with ice and
transported to the University of Venda laboratory for further analysis. Upon arrival in the
laboratory, sediment samples were oven dried at 60 °C for 48 h to a constant weight before being
disaggregated in a porcelain mortar, homogenised using a riffle splitter, and thereafter a sediment
subsample of 0.5 kg was separated. The subsamples were sent for nutrient and metal analysis at
the South African National Accreditation System (SANAS) approved laboratory BEMLAB (Cape
Town). Cation elements (boron (B), calcium (Ca), potassium (K), magnesium (Mg), and sodium
(Na)), heavy metals (manganese (Mn), copper (Cu), iron (Fe) and zinc (Zn)), nutrients (P)) and
abiotic factors pH, and resistivity (ohms) were quantified for each site across the 7 sampling weeks

(see Dalu et al., 2020a,b for detailed methods).

6.2.5 Statistical analyses
Macroinvertebrate diversity metrices (evenness, Margalef’s diversity taxa richness, Shannon—
Wiener diversity, and Simpson’s diversity) were calculated using macroinvertebrate community

dataset in PAST version 4.03. Two-way Analyses of Variance (ANOVA) was utilised to assess
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differences in environmental variables (i.e., water and sediments) and macroinvertebrates diversity
metrics i.e., evenness, Margalef’s diversity index, taxa richness, Shannon—Wiener diversity, and
Simpson’s diversity index across MACADAMIA ORCHARD and communal area reservoirs over
time after testing for homogeneity (Levene's test, p > 0.05) and normality of distribution (Shapiro—
Wilk test, p > 0.05). We used sites and weeks as explanatory factors and environmental variables
and macroinvertebrate diversity metrics as response variables. For weeks, where significant
differences were observed, Tukey’s post—hoc analyses were conducted to assess pairwise multiple

comparisons across the different study weeks. All analyses were conducted using IBM SPSS

version 28.0.0.0.

Distance—based Permutational Analysis of Variance (PERMANOVA; Anderson, 2001) based on
Bray Curtis dissimilarities were employed for biological data and 9999 permutations with Monte
Carlo tests were utilised to analyse differences in macroinvertebrate communities among sites
(macadamia, communal) and weeks (i.e., 1-6) using PERMANOVA + for PRIMER version 6
(Anderson et al., 2008). Furthermore, a two-way Analysis of Similarities (ANOSIM; Clarke
1993), with Tukey—HSD post-hoc multiple comparison was conducted, based on a Bray—Curtis
resemblance matrix measure calculated from normalised abundance data, to assess potential
differences in macroinvertebrates assemblages across sites over time. A two-dimensional
ordination of the Bray—Curtis distance rank orders of similarities among taxa was produced by
means of non—metric multidimensional scaling (n—MDS) to visually assess similarities and

differences within and between different macroinvertebrates taxa morphology across weeks.
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To investigate the influence of environmental variables (i.e., water and sediment) on
macroinvertebrate community structure, a multivariate ordination was utilised. A detrended
Canonical Correspondence Analysis (DCCA) was utilised to determine whether unimodal or linear
methods were most appropriate for ordination analysis (Ter Braak, 1986). The gradient lengths
from the DCA analysis were examined, and since the longest gradient was shorter than 3.0, a linear
constrained Redundancy Analysis (RDA) method was found to be the most appropriate for the

data. The RDA, based on significant (p < 0.05) forward selected water and sediment environmental

variables, was used for analysis using 9999 Monte Carlo Permutations in Canoco version 5.

6.3 Results

6.3.1 Physico—chemical variables

Across sampling sites, temperature (mean range 24.5-30.2 °C), pH (mean range 5.9-7.3),
conductivity (mean range 274.4-550.4 uS cm™?) and total dissolved solids (mean range 136.3—
354.2) differed significantly (p < 0.05; Table 6.1). Generally, across sites, high mean temperature
(30.2 °C) and pH (7.3) were observed in the MACADAMIA ORCHARD reservoirs, whereas, in
the communal area reservoir, high mean conductivity (550.4 S cm ) and total dissolved solids
(354.2 mg L) were observed. Water variables (i.e., temperature, total dissolved solids, and pH)
showed significant differences (p < 0.05) across study sites, and they also differed significantly (p
< 0.05) across monitoring weeks(Table 6.2). According to Tukey’s post-hoc multiple
comparisons, significant differences were observed for water variables across weeks. For instance,
across weeks significant differences were observed for temperature i.e., week 1 vs 2 (p = 0.001),

2vs 6 (p=0.001),3vs5(p=0.001) and 5 vs 7 (p = 0.001), conductivity i.e., week 1 vs 5 (p <
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0.001), 3vs 5 (p=0.002), 4 vs 5 (p =0.002), 5 vs 7 (p = 0.037) and total dissolved oxygen solids

week 1vs 5 (p <0.001), 2vs 6 (p =0.014), 3vs 5 (p <0.001), 6 vs 7 (p = 0.003).
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Table 6.1. Mean (fstandard deviation) water chemistry variables measured across MACADAMIA ORCHARD and
communal area reservoirs over time (7 weeks). Abbreviations: CA — communal area reservoir, MO - MACADAMIA

ORCHARD reservoir, TDS — total dissolved solids

Variables Unit Site | Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Temperature °C MO | 25.6+1.5 27.5+0.4 27.1+0.2 26.6+0.4 30.2+0.3 26.7+1.4
CA | 24.5+0.3 28.4+0.1 25.4+0.4 25.0+0.3 28.1+0.2 24.6+0.3

pH MO | 6.4+0.3 7.31£0.2 7.240.2 7.240.3 7.31£0.2 6.8+0.1
CA | 7.0£0.1 6.0+0.4 6.0+.2 6.0+0.2 6.4+0.3 7.0+0.1

Conductivity pS cm? MO | 274.4+30.2 404.7+67.9 286.0+62.8 426.2+60.0 539.745.1 274.4430.2
CA | 360.0+2.1 458.0+101.3 333.2+17.8 297.847.2 550.4+12.2 360.0+2.3

TDS mg L* MO | 136.8+15.2 205.7+35.6 193.7+£31.0 207.7+£26.9 264.8+4.7 136.3+£15.5
CA 168.5+£10.1 263.2+36.5 196.5+23.7 165.5+18.4 354.2+10.3 179.0£0.9
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Generally, high mean sediment chemistry variables concentrations were observed in macadamia
reservoirs, i.e., pH (6.65), P (24 mg kg ), K (153.5 mg kg™%), Ca (21.45 mg kg™), Mg (14.65 mg
kg™), K (0.39 mg kg ), Na (0.53 mg kg ™), Cu (27.6 mg kg™?), Zn (7 mg kg™), Mn (309 mg kg~
1, B (0.55 mg kg™?), Fe (1885 mg kg?), and S (346.5 mg kg1), whereas, in communal reservoirs,
high mean sediment variable were observed for resistivity (18095 ohm). . Most of the sediment
variables were similar (p > 0.05) within the sampling sites, with exception of five variables (i.e.,

resistivity, Na, Ca, Mg and Fe) which showed significant site differences (p < 0.05).
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Table 6.2. Two way—-ANOVA results considering key base water and sediment
variables and macroinvertebrate diversity metrics as a function of sampling sites (i.e.,
MACADAMIA ORCHARD and communal area reservoirs; df = 3) and weeks (df =

5), and their interaction (df = 5). Significant p—values are in bold emboldened.

Variables Site Week Site x Week

F P F P F P
Water chemistry variables
Temperature 10.035 0.002 11.333 <0.001 2.029 0.073
pH 9.945 0.002 1.176 0.329 9.68 <0.001
Conductivity 0.178 0.675 6.843 <0.001 2.288 0.045
TDS 5.394 0.023 14.526 <0.001 2.23 0.05
Sediment chemistry variables
pH 0.019 0.893 0.732 0.632 1.234 0.343
Resistivity 10.274 0.006 0.030 1.000 0.028 1.000
P 3.841 0.070 0.486 0.808 0.252 0.951
K 2.321 0.150 0.690 0.661 0.439 0.841
Na 7.256 0.017 1.935 0.145 0.977 0.479
K 0.534 0.477 0.239 0.956 0.098 0.995
Ca 5.584 0.033 0.200 0.971 0.533 0.774
Mg 12.34 0.003 1.596 0.22 1.337 0.305
Cu 0.588 0.456 0.539 0.77 0.428 0.848
Zn 0.009 0.925 0.958 0.487 0.932 0.502
Mn 2.292 0.152 0.590 0.733 1.379 0.289
B 2.554 0.132 0.742 0.625 1.423 0.274
Fe 5.027 0.042 0.825 0.57 2.069 0.123
S 3.325 0.090 0.341 0.904 0.638 0.669
Macroinvertebrate diversity metrics
Evenness 1.862 0.177 27.161 <0.001 0.641 0.257
Margalef’s diversity 1.985 0.163 5.019 <0.001 0.65 0.799
Taxa richness 0.015 0.904 43.274 <0.001 0.738 0.985
Shannon-Wiener diversity 0.063 0.803 48.274 <0.001 0.929 0.861
Simpson’s diversity 0.093 0.761 11.719 <0.001 0.993 0.244

6.3.2 Macroinvertebrate colonisation
A total of 644 macroinvertebrate individuals, belonging to 8 orders and four functional feeding

groups, were collected over six weeks across the four reservoirs (2 macadamia, 2 communal)
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(Table 6.3). The orders with high occurrence frequency were Odonata and Diptera accounting for
35.7 % and 14.8 %, respectively of the total orders. Overall, Libellulidae (i.e., Pantala flavensces,
Trithemis sp. and Zyonyx natalensis) were the most dominant family group. Non-biting midges
Chironominae were the most abundant taxa, accounting for 55.1 % of the total abundance across
sampling sites, with the seed shrimps Ostracoda being the second most abundant (14.4 %). The
dropwings Trithemis sp. and dragonfly Anax sp. were the third and fourth most abundant taxa
recorded accounting for 5.2 % altogether. The fifth most abundant was the freshwater snail Radix
natalensis accounting for 4.97% of the total abundance (Figure 6.1). In terms of FFG, predators

were the most dominant FFG contributing 75.0 % of all collected taxa, followed by scrapers (16.7

%), collector—gatherers (16.7 %) then collector—filterers (8.3 %).

Similar macroinvertebrate diversity metrics values were observed across MACADAMIA
ORCHARD and communal area reservoirs (Table 6.3; Figure 6.2). Fourteen macroinvertebrate
taxa were recorded between macadamia and communal reservoirs, of which 10 taxa were recorded
in the macadamia reservoirs and 8 in the communal area reservoir (Table 6.3). Based on the two—
way ANOVA, significant differences were observed across monitoring weeks for all metrics (p <
0.05), whereas sites indicated no significant differences (p > 0.05) (Table 6.2). According to
Tukey’s post-hoc multiple comparisons, significant differences were observed for
macroinvertebrate diversity metrics across weeks. Temporal differences were observed for
evenness, whereby differences lay between week 1 vs 3 (p = 0.026), 2vs 7 (p < 0.001), 3vs 6 (p <
0.001) and 4 vs 7 (p < 0.001). Similarly, temporal differences were observed for Margalef’s
diversity between week 1 vs 5 (p = 0.003), 1 vs 6 (p = 0.001), and 1 vs 7 (p = 0.002). For taxa
richness differences were observed between week 1 vs 5 (p < 0.001), 3vs 7 (p < 0.001) and 4 vs 7

(p < 0.001), while for Shannon—-Wiener diversity differences were observed between week 1 vs 5
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(p <0.001),2vs 6 (p <0.001),3vs 7 (p <0.001) and 4 vs 7 (p < 0.001). Temporal differences

between Simpson’s diversity were only observed between week 1 vs 3 (p < 0.036) and 2 vs 7 (p <

0.001).

Using PERMANOVA, significant differences in total macroinvertebrates community structure
were observed across sites (Pseudo—F = 26.899, p(MC) = 0.001) and weeks (Pseudo—-F = 2.286,
p(MC) = 0.002). Pairwise comparisons highlighted significant differences in macroinvertebrates
community between weeks 1 vs 4 (t =2.341, p(MC) < 0.001), 1 vs 5 (t = 1.978, p(MC) = 0.002), 1
Vs 6 (t =2.233, p(MC) = 0.004), 2 vs 4 (t =1.660, p(MC) = 0.011), 2 vs 6 (t =1.640, p(MC) = 0.023),

3vs 4 (t =1.545, p(MC) = 0.033), and 3 vs 6 (t =1.590, p(MC) = 0.018).
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Table 6.3. Mean relative abundances (%) of the dominant macroinvertebrate species and metrics observed over six
weeks for the study site categories: macadamia (MQO) and communal (CA) reservoirs. FFG — functional feeding group;
Abbr. — abbreviation.

Taxa Order FFG Abbr. Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
MO |CA |[MO |CA |[MO |CA |MO |CA |[MO |[CA |MO |CA
Anax sp. Odonata Predator Ana 19 14 13 10 10 3 8
Ceratopogonidae Diptera Predator Cer 12 10 5
Chironominae Diptera Gatherers | Chi 45 22 39 50 32 40 37 33 31 37 34 41
Gyrinidae larvae Coleoptera Predator Gyr 4 12 8 10 7 8
Ostracoda Podocopida Filterers Ost 18 19 18 14 13 9 10 8 10 12 12 19
Pantala flavescens Odonata Predator Pan 10 8 6
Physella acuta Gastropoda Scrapers Phy 12
Planaria sp. Platyhelminthes Predator Pla 8 12
Potamonautes sp. Decapoda Gatherers | Pot 5
Pseudagrion sp. Odonata Predator Pse 21 13 7 5 8
Radix natalensis Mollusca Scrapers Rad 16 21 15 6 10 14
Ranatra sp. Hemiptera Predator Ran 5 5 5
Trithemis sp. Odonata Predator Tri 14 19 9 6 7
Zyonyx natalensis Odonata Predator Zyo 8 9 4
Other taxa 30 22 8 26 22 6 21 4 14
Macroinvertebrate diversity metrics
Evenness 09| 09 09| 038 09| 08 07| 038 08| 038 07| 08
Margalef’s diversity 0.9 14 0.8 0.9 14 1.2 1.6 15 1.8 14 1.7 14
Taxa richness 4 5 5 5 6 6 9 8 10 8 10 8
Shannon-Wiener diversity 0.8 11 0.8 0.9 1.3 1.1 1.3 14 15 1.3 15| 1.2
Simpson’s diversity 05| 06 05| 05 07| 06 06| 07 07| 0.6 07| 06
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Figure 6.1. The five most dominant macroinvertebrates (relative abundance (%) = SD) across, (a) MACADAMIA ORCHARD and

(b) communal area reservoirs at the end of the experiment (6 weeks). Different colors donate macroinvertebrate taxa (see legend).
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Figure 6.2. Mean (tstandard deviation) macroinvertebrate diversity metrics i.e., (a) evenness, (b) Margalef’s diversity, (C) Shannon—

Wiener diversity, and (d) Simpson’s diversity across MACADAMIA ORCHARD and communal area reservoirs at the end of the

experiment (6 weeks). Different colors donate two reservoir types (see legend).
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The n—-MDS analysis produced an ordination which separated the two sites (Figure 6.3). According
to the ANOSIM results, little similarity was observed for macroinvertebrates communities
between MACADAMIA ORCHARDS and communal area sites (r = 0.08, p = 0.081), and there
were differences across weeks (r = 0.76, p = 0.001). Pairwise comparisons tests indicated

significant differences between week 1 vs 4 (r = 0.42, p = 0.006), 1 vs 5 (r =0.30, p = 0.003), and

1vs 6 (r=0.39, p=0.002).

2D Stress: 0.17

Week
A1

Communal

Macadamia

Figure 6.3. n-MDS ordination highlighting variation of macroinvertebrate communities between communal

area and MACADAMIA ORCHARD reservoirs over the duration of the experiment (i.e., 6 weeks).

76

© University of Venda



o
& Universi fenda
@)

6.3.2 The influence of water and sediments variables on macroinvertebrates community

The RDA was conducted to explore the simultaneous effects of all the biotic variables (i.e., water
and sediment variables) on macroinvertebrate communities. Based on RDA analysis, first and
second axes, with eigenvalues of 0.29 and 0.20 were observed, respectively, with selected
exploratory variables accounting for 65.9 % of the total macroinvertebrate variance. Monte Carlo
unrestricted permutation test indicated axis 1 (permutation) and 2 (999 permutations of ais 2 with
axis 1 as a co-variable) were statistically significant (p < 0.05) in all cases. Of the 18 variables
(i.e., water and sediments), the abundance of macroinvertebrates across two reservoir types and
six weeks was found to be significantly associated with sediment chemistry variables (i.e., pH,
resistivity, P, K, Na, Ca, Mg, Cu, B, Fe and S) which were significant in structuring
macroinvertebrate community (Figure 6)3. Sediment pH and S were highly positively associated
with the second axis while variables such as Potassium (K), Cu, Na and P were negatively
associated with the first axis. Resistivity was highly negatively associated with the first axis. The
RDA axis separated the sites based on reservoir types and sampling weeks. MACADAMIA
ORCHARD, highly pollinated, were generally associated with axis 1 and 2 being characterised by
high variables such as pH and S and low resistivity. Moreover, macadamia reservoirs, highly
pollinated, were associated with macroinvertebrates such as Chironominae, Ostracoda, Plantala
flavescens, Pseudagrion sp., Trithemis sp., and Zyonyx natalensis (Figure 6.4). On the other hand,
communal reservoirs, relatively less pollinated, were negatively associated with first axis being
characterised by high resistivity and macroinvertebrates such as Anax sp., Ceratopogonidae,

Physella acuta, Ranatra sp., and Potamonautes sp (Figure 6.4).
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Figure 6.4. Redundancy analyses ordination showing the relationship between macroinvertebrate
colonisation and the significant environmental variables. Letters in samples labels represent sites (MO —
MACADAMIA ORCHARD reservoir, CA — communal area reservoir). Numbers in the labels represent

sampling weeks (i.e., 1-6). Taxa abbreviation definitions are defined in Table 6.3
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6.4 Discussion

Aquatic macroinvertebrate community structure is useful for a better comprehension of the effects
of discrete stressors associated with land-use types. Both communal and agricultural practices are
known to be primary contributors to pollution of aquatic ecosystems, yet the nature of the pollution
from these respective land—use practice types are typically discrete (Gascuel-Odoux, et al., 2009;
Yuetal., 2011; Dalu and Tavengwa, 2022). Accordingly, aquatic organism colonisation dynamics
likely differ in response to these different stressors. As such, macroinvertebrate community
structure needs to be considered as they play a crucial role in ecosystem functioning and are readily
impacted by these emerging pollutants. Using stones substrates to assess colonisation dynamics,
the study highlighted differences in macroinvertebrate communities between the habitat types,
with temporal community succession patterns providing no indication of community
homogenization between habitat types. At both the pioneer and later successional stages,
macroinvertebrate communities were discrete between habitats. With increased pesticide
concentrations in the MACADAMIA ORCHARDS in sediments (i.e., 5.67 to 14.48 ug L-1) and
in surface water (i.e., < 6.51 pg L-1) than communal area reservoirs (i.e., < 0.13 ug L-1 surface
water), our results thereby highlight the importance of discrete pollution input from the differing
land—use areas, in structuring communities. The present study also highlighted that few sediments
and water physico—chemical variables were significantly different between reservoirs in the
different land-use types. We further highlighted that macroinvertebrates communities inhabiting
artificial stone substrates could be highly structured by sediment variables rather than water
variables. The study also highlighted that pesticide concentration in the MACADAMIA
ORCHARD reservoirs might cause decline in ecosystem functioning by reducing the observed

macroinvertebrate taxa, impacting colonisation dynamics and adjusting community structure.
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According to Lake (1985), the time it takes macroinvertebrates to colonise stone substrates and to
reach the state of equilibrium of densities and richness is variable and generally ranges from 4 to
38 days. This corresponded with our findings as macroinvertebrates taxa and abundance were
generally low during the early stages and increased with time. Generally, several
macroinvertebrate taxa colonised stone substrates, but Chironominae and Ostracoda were found
consistently and were the most dominant and abundant (representing 55.1 % and 14.4 %,
respectively, of the macroinvertebrates found). The colonisation of artificial stone substrates by
macroinvertebrates in the present study is not surprising given that stones are among the most
natural substrates in aquatic ecosystems (Rosa et al., 2013) and are well known to grow spores
which turn into algae, mold, and fungi (Friedmann, 1974). High abundance of Chironominae in
stone substrates were also similar to the findings by Alonso and Camargo (2005), who observed
increased diversity of Chironominae in small stones substrates and Rosa (2013) who indicated
high preference of Chironominae to inhabit stone substrates. Egglishaw (1969) observed that
streams in Scotland had an association of benthic fauna with different substrates among different
seasons and found that Chironominae made up from 70 % to 90 % of the fauna associated with

stone substrates.

Macroinvertebrate taxa Pantala flavescens, Gyrinidae larvae, Anax sp., and Physella acuta in the
MACADAMIA ORCHARD and Gyrinidae larvae, Potamonautes sp., and Planaria sp. in the
communal area reservoirs were absent during the early weeks of the experiment and colonised the
stone substrates on a later stage thereby supporting our hypothesis of marginal different across the

MACADAMIA ORCHARD and communal area reservoirs. According to Brausch and Smith
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(2009), most macroinvertebrate communities are sensitive to pesticides contamination in
reservoirs thereby influencing the delayed inhabiting or absent of some macroinvertebrate taxa in
the MACADAMIA ORCHARD reservoir of stone substrates. Slight decline of macroinvertebrate
richness and abundance in the MACADAMIA ORCHARD reservoirs can be supported by several
studies which highlighted that macroinvertebrate abundances in freshwater ecosystem decrease as
pesticides concentration increase (e.g., Anderson et al., 2006; Beketov et al., 2013). Furthermore,
Khudhair (2019) indicated that macroinvertebrate taxa develop various morphological and
physiological adaptations strongly associated with habitat conditions and the availability of food

resources which could explain the delayed inhabiting by some macroinvertebrate taxa.

Although not the key focus of the study, fish Tilapia rendalli were observed in the MACADAMIA
ORCHARD reservoirs, whereas Mozambique tilapia fish Oreochromis mossambicus and stream
frog Strongylopus sp. were observed in the communal area reservoir indicating that artificial stone
substrates could also function as habitat for fish and frog communities. The increased abundance
and taxa richness of non-insect macroinvertebrates in the communal area compared to
MACADAMIA ORCHARD reservoirs further support that land—use types and increased pesticide
concentration in the MACADAMIA ORCHARD altered macroinvertebrates colonisation. As
highlighted by Relyea and Diecks (2008), exposure of aquatic fauna such as fishes to pesticides or
increased agricultural land—-use results in growth reduction and low reproductive activity with

juveniles more sensitive to pesticide than adults.

Macroinvertebrates are an important part of aquatic ecosystems, and community structure

characteristics are related to the environmental variables. As such, we revealed that changes in
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water chemistry variables were not reflected in the macroinvertebrate communities, whereas
sediment chemistry variables was important as a predictor of macroinvertebrates. As highlighted
by Clements (2020), sediments contaminated with heavy metal concentrations may promote or
inhibit macroinvertebrate community structure and colonisation. Macroinvertebrate structural
composition has been observed to respond highly on sediment chemistry variables (Beisel et al.,
2000; Clements, 2020) and this was evident in our study and supported by the RDA analysis which
found sediment chemistry variables (i.e., pH, Resistivity, P, K, Na, Ca, Mg, Cu, B, Fe and S) to
significantly alter the macroinvertebrate structure. Furthermore, these variables were crucial
factors structuring MACADAMIA ORCHARD reservoirs associated macroinvertebrate
communities than in communal areas reservoir macroinvertebrate communities, with the exception
for resistivity. This was not surprising given that heavy metal are well-known environmental
pollutants due to their toxicity, persistence in the environment, and bioaccumulative nature.
Furthermore, agricultural activities are known for high anthropogenic activities, resulting in
increased pollution compared to communal areas (Sharma and Agrawal, 2005). For instance,
Wang et al. (2007) and Ouyang et al. (2018) highlighted that excessive nutrient can results in water
quality deterioration and dissolved oxygen depletion, resulting in decline in species richness. This
further indicate that macroinvertebrates in the MACADAMIA ORCHARD reservoirs exhibit a
stress relationship with sediment variables, mainly B, Fe and Cu. As indicated by Jennings (2011),
B is an important sediment chemistry variable that is involved in structuring macroinvertebrate
community, whereas Dalu et al (2022) found Cu, Mg and Na among the most important sediment
chemistry variables. Bian et al. (2016) highlighted that Na contributes greatly to water quality in
aquatic ecosystem and is known to affect macroinvertebrate community adversely. Lauber et al.

(2009) suggested that sediment pH directly imposes a physiological constraint on the aquatic fauna
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by reducing the net growth of individual taxa that are unable to survive if the soil pH is outside of

a certain range.

6.5 Conclusions

The current study contributes to understanding aquatic ecosystem functioning and artificial aquatic
substrates colonisation and interplays between macroinvertebrate community, environmental
variables and the likelihood effects of pesticides between MACADAMIA ORCHARD and
communal area reservoirs. We found that MACADAMIA ORCHARD and communal area
reservoirs were both important for macroinvertebrate colonisation in artificial stone substrates.
Stone substrates supported a distinctive macroinvertebrates community and drove the
establishment of macroinvertebrate and communities and at least temporarily for some taxa. A
variety of macroinvertebrates were observed in the stone substrates in both reservoirs, most
notably Chironominae and Ostracoda contributing 61.5 % of the total macroinvertebrate
abundance. The presence of pesticides between both reservoirs and/or types were most likely to
alter primary colonisation and successive community structure in the MACADAMIA ORCHARD
reservoirs. Furthermore, the structures and community of macroinvertebrates were found to be
highly affected by sediment chemistry variables than water variables as shown by RDA analyses.
Despite the influence of pesticides on colonisation dynamics, stone substrates are known to
represent a complex ecosystem of microflora including bacteria, algae, fungi, and lichens which
might have also attributed to macroinvertebrate colonisation. As such, this scenario is worth further
investigation, assessing their abundances associated with stone substrates and their influence on

certain macroinvertebrate.

83

© University of Venda



ﬁ‘?z
O
() ot

Chapter 7: General Synthesis

Plate 7. Macroinvertebrate taxa Trithemis sp. found inside the green mesh bags filled with stones

during retrieval day following 6 weeks incubation period. Evidence of macroinvertebrate

colonisation in the MACADAMIA ORCHARD. Photo by Thendo Mutshekwa
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7.1 General synthesis

This study demonstrates that pesticides associated with MACADAMIA ORCHARDS have
implications for recipient aquatic environment ecosystem functioning. This was highlighted for
key pesticides i.e., Karate Zeon 10 CS (lambda—cyhalothrin), Mulan 20 SP (acetamiprid) and
Pyrinex 250 CS (chlorpyrifos) commonly used in the MACADAMIA ORCHARDS within the
Levubu region using a combination of in—and ex—situ experiments. The effects of pesticides inputs
on aquatic ecosystem were evident, emphasizing the threats of increasing macadamia plantation
to environmental water quality and ecosystem functioning through the reduction in fish and
macroinvertebrates diversity, thereby altering community structure and nutrient recycling and with
serious implications for aquatic food webs and general ecosystem functioning. According to the
best of my knowledge, this is the first comprehensive study on the effects of MACADAMIA
ORCHARD inputs on aquatic ecosystems in the South African context. The thesis provides a better
comprehension and contributes significantly to the global body of literature on MACADAMIA
ORCHARD pesticides and their impacts on associated adjacent aquatic ecosystems, pesticide

occurrence, the effects on aquatic fauna and community structure.

An overview of all four data chapters (Chapters 3-6) provides insight into the ecology of reservoirs
associated with MACADAMIA ORCHARDS inputs and potential effects of these pesticides.
Aquatic ecosystems are contaminated with pesticides through several routes: runoff, spray drift,
and leaching, which pose serious health risks to the aquatic ecosystems (Kumar et al., 2021). This
exposure can directly affect all levels of biological organisation compartments including primary
producers, microorganisms, invertebrates, and/or fish. Among other agricultural orchards in South

Africa, macadamia plantation orchards have been expanding rapidly over the last decade and
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associated reservoirs within these areas are increasingly becoming impacted by pesticide pollution
resulting from macadamia pest control applications. A detailed occurrence and effects of pesticide
used in the MACADAMIA ORCHARDS on aquatic ecosystems and pesticides is presented in
Chapter 1. The key findings of Chapter 3 are that the MACADAMIA ORCHARD reservoirs are
highly contaminated with pesticides when compared to “control” reservoirs associated with
reduced agricultural activities. One of the objectives of this study (Chapter 3) was to assess
pesticide (i.e., acetamiprid and chlorpyrifos) concentrations in MACADAMIA ORCHARD
reservoirs, and to this end, LC-MS/MS analysis was used, and communal area reservoirs
associated with reduced agricultural activities were also used for comparison purposes. A key
finding was that MACADAMIA ORCHARD reservoirs were highly contaminated and that
sediments accumulate increased pesticide concentrations than surface water (Chapter 3). This is
not surprising as several studies (e.g., Feo et al., 2010; Masia et al., 2013) also found increased
pesticide concentrations in sediments than surface water. The findings support studies by Tazunoki
et al. (2022) who observed that agricultural activities pose a threat to aquatic ecosystems. The
current study further highlighted that fish O. mossambicus are vulnerable to pesticides exposure
and that reduced concentrations cause temporary abnormalities, while acute and/or high exposure

cause immediate fish die—offs and long—term abnormalities (Manimekalai et al., 2022).

Pesticide pollution in aquatic ecosystems are known to cause behavioral abnormalities and
mortalities to aquatic fauna such as macroinvertebrates and fish (Amoatey and Baawain, 2019).
For instance, macroinvertebrates and fish can be directly or indirect impacted by pesticides
exposure (Thompson et al., 2016). Long term exposure to pesticides can cause abnormalities or

mutations in macroinvertebrate and fishes, while acute exposure can cause immediate die—offs

86

© University of Venda



o
S | ) Universit /enda

(Jourdan et al, 2019). This was evident in the current study as demonstrated increased mortality of
fish at increased pesticide exposure (Chapter 4). With regards to macroinvertebrate, the abundance
and taxa across reservoirs associated with increased and reduced pesticide pollution across
different land—use types indicating the sensitivity of some taxa (e.g., Zyonyx natalensis) and the
increase in tolerant taxa (e.g., Chironominae) (see Chapter 6). A detailed vulnerability of fishes
with key focus on O. mossambicus is discussed in Chapter 4 and the behavioural responses were
found to vary with O. mossambicus demonstrating differences in onset behavioural response at
different concentration exposures. Moreover, the response of O. mossambicus was also different
based on the type of pesticide the species was exposed to and this is supported by Sharma et al.
(2022), who indicated that all pesticides have the potential to harm aquatic ecosystems particularly
living organisms if used incorrectly. It is important to highlight that these impacts will differ

according to active ingredients and toxicity.

Besides being a threat to fish, these pesticides may also cause serious threat to decomposition
activity, primary production and colonisation dynamics within aquatic ecosystems (see Chapter
5). When exposed to different pesticides (i.e., Karate Zeon 10 CS, Mulan 20 SP, Pyrinex 250 CS0),
decomposition and colonisation dynamics were found to vary with larvae (i.e., Culex spp.,
Anopheles spp.) and pupae (all genera). Increased mosquito abundances were observed in Mulan
20 SP, whereas Karate Zeon 10 CS demonstrated most reduced mosquito abundances. Willming
et al. (2013) highlighted that aquatic macroinvertebrate can be exposed to pesticides during any
stage of their life cycle, with the presence of these pesticides likely to impair decomposition
activities by reducing macroinvertebrate and microbial decomposers, and also cause imbalances

to primary production. To better understand aquatic ecosystems and associated dynamics,
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laboratory—based experiments have been used over the last several decades .(Quere et al., 2005)
In the current study, the interactions between leaf litter decomposition, primary production
(chlorophyll-a) and mosquito colonisation dynamics significantly differed according to pesticide

type (see Chapter 5).

Rock substratum are a key primary physical variable affecting macroinvertebrate taxa richness and
density (Carvalho and Uieda, 2006). Furthermore, land-use and subsidy inputs into aquatic
ecosystems may impact the sediment and water characteristics in terms of food resources and
habitat structure, resulting in macroinvertebrate community composition changes (Mwaijengo et
al., 2020). The use of “artificial rock substratum” in this study (see Chapter 6) enabled the
assessment of macroinvertebrate colonisation and physico-chemical variables in different land—
use types (i.e., MACADAMIA ORCHARDS, communal areas). The findings were supported by
other scientific studies (e.g., Laini et al., 2018; Lafage et al., 2019) on land-use types and
associated subsidy inputs into aquatic ecosystems which may act as drivers of macroinvertebrate
community. The presence of various macroinvertebrate taxa such as Chironominae, Ostracoda,
Trithemis sp., Anax sp., and Radix natalensis colonising these artificial habitats and the variation
over time highlights colonisation dynamics and secondary succession of macroinvertebrates in
newly introduced substrates. Macroinvertebrate taxa Chironominae are known to become tolerant
to pesticide exposure (Macchi et al., 2018) and this might explain the dominance of this taxa over
time. Macroinvertebrate abundances and richness varied between MACADAMIA ORCHARD
(i.e., high pesticide exposure) and communal area (i.e., low pesticide exposure) reservoirs and
from our findings it was evident that pesticide pollution results in low macroinvertebrate taxa

richness and abundances. The outcomes of this study further indicated that macroinvertebrate
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structure and community were highly affected by sediment variables than water variables (Chapter

6).

7.2 Conclusions

Overall, the findings of this study highlighted the ongoing threats and effects to aquatic ecosystems
as a result of anthropogenetic activities i.e., macadamia production and expansion. This study
allowed for a better comparison of different pesticides input associated with MACADAMIA
ORCHARD inputs on aquatic ecosystems. The increased pesticide concentrations in
MACADAMIA ORCHARDS, more specifically in aquatic sediments where bioaccumulation is
taking place pose a serious threat to aquatic fauna such as macroinvertebrates and fish. Although
pesticide input in these reservoir poses a serious threat, there is a concentration limit where
macroinvertebrate and fish can be able to survive and thrive as demonstrated by increased survival
rates of fish when exposed to reduced concentrations and macroinvertebrate colonisation dynamics

in the MACADAMIA ORCHARDS.

7.3 Recommendation for future research

The ecology of reservoirs associated with MACADAMIA ORCHARDS inputs needs to be further
explored to obtain a comprehensive understanding of the complex processes controlling the
interactions of biotic and abiotic factors in aquatic systems located within or near macadamia.
Although data chapters 3-6 in the current study provide the foundation of the effects of three
commonly used pesticides (i.e., Karate Zeon 10 CS (lambda-cyhalothrin), Mulan 20 SP
(acetamiprid) and Pyrinex 250 CS (chlorpyrifos)) in the MACADAMIA ORCHARDS on recipient

aquatic ecosystems and provides the basic fundamental background knowledge pertaining the
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effects associated with seasonal variation and other drivers that contribute to ecosystem
functioning. In this study, there was evidence of pesticides occurrence in MACADAMIA
ORCHARD associated reservoirs and their effects on aquatic ecosystems. However, more research
is required on this topic, as such, recommendations for future studies are detailed below:

e Lambda-cyhalothrin concentrations could not be quantified due to difficulties in method
development (see Chapter 3). As such, future research should attempt to use supercritical
fluid chromatography (SFC) to assess pesticide concentrations of lambda—cyhalothrin.

e Seasonal assessment of pesticide concentrations in sediment and water in the
MACADAMIA ORCHARDS would be ideal since the quantity of pesticides used for pest
control in these orchards vary across seasons.

e Fish O. mossambicus demonstrated various behaviour responses and varied across
pesticide type (see Chapter 4). Further research into the behavioural response of other taxa
such as macroinvertebrates is worth exploring, including assess effects on other fish
species.

e Furthermore, Karate Zeon 10 CS treatments indicated decreased mosquito larval
abundances (see Chapter 5), however, further research is vital into determining the
potential larvicidal effects.

e The effects of pesticide of interest to leaf litter decomposition were assessed (see Chapter
5), however, microbial contributions need to be explored to enhance the understanding of
decomposition dynamics associated with pesticide exposure.

e Theimplications for human health. In many agricultural landscapes, reservoirs are utilized
by the labour force for fishing activities, with catch supplementing their protein intake.

The health issues associated with pesticide contaminated fish is something worth
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investigating. Overall, since this study was only interested on three pesticides of interest,

the study is worth repeating focusing on other pesticide active ingredients used in the

MACADAMIA ORCHARDS.
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Plate 8. View of communal area reservoirs at Duthuni farm, Thulamela Municipality. Photo by

Thendo Mutshekwa.
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