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• Macadamia integrifolia leaf litter
decomposed faster when exposed to
pesticides.

• Macadamia pesticides (Karate Zeon and
Mulan) caused reductions in chlorophyll-
a concentrations.

• Pyrinex and Mulan treatments promoted
high mosquito (i.e., Anopheles spp.,
Culex spp.) abundances.

• Findings demonstrate macadamia pesti-
cides may exert pressure on adjacent
freshwater communities.
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 Global contamination of freshwater ecosystems by chemical compounds, such as pesticides, may exert high pressure
on biologically-driven organic matter decomposition. These pollutants may also impair the quality of organic sub-
strates for colonising invertebrates and reduce primary productivity by decreasing the abundance of phytoplankton.
In southern Africa, increasing pesticide usage associatedwithmacadamia plantations, in particular, presents a growing
risk to freshwater ecosystems. Here, we examined macadamia (Macadamia integrifolia) leaf litter decomposition fol-
lowing exposure to three pesticides (i.e., Karate Zeon 10 CS (lambda-cyhalothrin),Mulan 20 AS (acetamiprid), Pyrinex
250 CS (chlorpyrifos)) used commonly in macadamia plantations, via an ex-situ microcosm approach. We examined
mosquito colonisation of these microcosms as semi-aquatic macroinvertebrates which form a significant component
of aquatic communities within standing waters. Macadamia leaf litter tended to decompose faster when exposed to
Karate and Pyrinex pesticide treatments. Additionally, chlorophyll-a, conductivity, total dissolved solids, and pH dif-
fered among pesticide treatments and controls, with pesticides (Karate Zeon and Mulan) tending to reduce
chlorophyll-a concentrations. Overall, pesticide treatments promoted mosquito (i.e., Culex spp.) and pupal abun-
dances. In terms of dominant aquatic mosquito group abundances (i.e., Anopheles spp., Culex spp.), the effect of pesti-
cides differed significantly among pesticide types, with Pyrinex and Mulan treatments having higher mosquito
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abundances in comparison to Karate Zeon and pesticide-free treatments. These findings collectively demonstrate that
common pesticides used in the macadamia plantation may exert pressure on adjacent freshwater communities by
shaping leaf-litter decomposition, semi-aquatic macroinvertebrate colonisation dynamics, and chlorophyll-a.
1. Introduction

Agriculture depends mostly on artificial lentic freshwater ecosystems as
a source of water for irrigation purposes, such as impounded ponds, reser-
voirs 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
awidespread 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 (Vörösmarty 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; Wasserman
et al., 2016).

Agricultural pesticides are known to significantly impact the composi-
tion 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 pro-
cesses that ensure organic matter turnover, nutrient cycling and the provi-
sioning 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 terres-
trial ecosystems. In agricultural landscapes, much of this litter can come
from crops which rely on pesticides spray for insect pest control. Experi-
mental studies suggest that agricultural pesticides can alter microbial and
detritivore decomposer communities with implications for litter decompo-
sition 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 pro-
duction (Macadamias South Africa (SAMAC), 2020). In South Africa the
industry is predominantly spread over the Mpumalanga (44%), KwaZulu-
Natal (28%) and Limpopo (20%) provinces (Macadamias South Africa
(SAMAC), 2020). 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 onM. 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 10 CS,
Mulan 20 AS, Pyrinex 250 CS) in macadamia plantations on leaf decompo-
sition under lentic conditions. We further assess macroinvertebrate estab-
lishment associated with the pesticide treatments, using a common,
2

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 decom-
pose fastest, due to adverse pesticide effects on decomposition and/or
colonisation, (ii) phytoplankton biomass will differ among pesticide treat-
ments with pesticide-free environments having the highest levels of
chlorophyll-a, and (iii) exposure of leaf litter to pesticides reduces inverte-
brate colonisation.

2. Materials and methods

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 has lambda-cyhalothrin
(pyrethroid) as an active ingredient, whereas, Mulan has acetamiprid
(neonicotinoid) and Pyrinex has chlorpyrifos (organophosphate). The
three pesticides were purchased in local agricultural stores authorised for
the sale and distribution of agrochemicals. Pyrinex and Karate Zeon 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 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 200 mL per 100 L
water, 5 mL per 100 L water, and 40 g per 100 L water are for Karate
Zeon 10 CS, Mulan 20 SP, and Pyrinex 10 CS, respectively, and according
to the manufacturers' recommendations. These pesticides can be applied
by any medium or high-volume applicator, aerially or on the ground. The
applicator is correctly calibrated andfittedwith an efficient agitationmech-
anism. 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 con-
centrations 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.

2.2. Study area

The study was conducted from November to December 2020 at the
Department of Geography and Environmental Sciences (−22.977580,
30.443819), 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,
30.442826). The area has a humid, subtropical climate and receives an
average annual rainfall range of between 400 and 800 mm, with peak rain-
fall between 1000 and 1500 mm occurring in January and February. High
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temperatures (i.e., up to 40 °C) occur between October andMarch, 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.
2.3. Experimental design

The experiment was performed using a microcosm approach under
controlled conditions. We used 40 × 10 L containers to represent four
treatment types (i.e., ten replicates × 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 pesti-
cides, following field concentrations that the macadamia farmers use
i.e., Karate (100 μL), Mulan (500 mg) and Pyrinex (4500 μL) and recom-
mendations 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 bun-
dles (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 μm)
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 μm, Ø 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 μS cm−1, total dissolved solids 127 ± 2.6 mg L−1 and pH 6.85 ± 0.1
and borehole water was characterised by temperature 27.2 ± 0.2 °C, con-
ductivity 169.3 ± 4.0 μS cm−1, total dissolved solids 85.5 ± 2.6 mg L−1

and pH 6.6 ± 0.1. The initial mean (n = 10) water temperature in the
buckets was 25 ± 0.2 °C (SE), conductivity 232 ± 4.0 μS cm−1, total
dissolved solids 115 ± 2.6 mg L−1 and pH 8.3 ± 0.1. Once inoculated
with treated leaf litter, all buckets were placed outside in an open roof-
top 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
(μS cm−1), total dissolved solids (mg L−1), pH and temperature (°C)
were measured on the first day of the experiment and every 7 days for
the following 7 weeks using a multi-parameter handheld waterproof
Cyber Scan 300 (Eutech Instruments, Cape Town, South Africa). 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 0.7μm
Whatman GF/F filter for chl-a determination (see below). After filtra-
tion, 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 enumer-
ated 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 × 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 mos-
quito 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
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 cal-
culation of initial air-dry mass to initial oven-dry mass conversion factors,
needed to estimate initial leaf litter oven-dry mass.
3

2.4. Water samples and chlorophyll-a concentration determination

After filtration (see above), 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 mea-
sured 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 mg m � 3� � ¼ 11:4� K � 665O � 750Oð Þ � 665a � 750að Þð Þ � Ve � L
� Vf

where, L – cuvette light-path (cm),Ve – extraction volume (mL),Vf –filtered
volume (L) and K – 2.43.

2.5. Statistical analysis

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 was used to compare the variation inmosquito
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 vari-
ance according to treatment (four levels). Tukey post-hoc tests were used
to evaluate multiple comparisons among chl-a concentrations and remain-
ing 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.

3. Results

3.1. Environmental variables

Across treatments, conductivity (204.1–551.8 μS cm−1), 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 1). Conductivity, total dissolved
solids and pH, measured throughout the monitoring period, differed
between treatments and over time, but with no treatment × time interac-
tions (Tables 1, 2). Control and pesticide treatments i.e., Karate Zeon,
Mulan and Pyrinex were all significantly different pairwise (p < 0.05) in
terms of pH, conductivity and total dissolved oxygen (Table 1). Tempera-
ture, however, differed only according to time and not treatment, indicat-
ing that treatment effects were not confounded by temperature variations.

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 and followed by Pyrinex, control and then Karate
Zeon (Fig. 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 and followed by Pyrinex,
Karate Zeon and then control (Fig. 1).



Table 1
Mean (± 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 (μS cm−1) Control 323.0 ± 0 235.5 ± 1 252.9 ± 1.2 315.5 ± 2.4 546.4 ± 1.2 327.9 ± 1.4 278.5 ± 0.1 204.7 ± 0.7
Karate Zeon 232.0 ± 0 225.0 ± 1.9 258.0 ± 4 319.9 ± 5.7 551.8 ± 6.2 340.8 ± 5.0 277.6 ± 2.8 205.8 ± 3.3
Mulan 232.0 ± 0 227.6 ± 1.3 254.5 ± 1.4 307.1 ± 1.2 544.5 ± 2.1 326.0 ± 1.6 272.1 ± 1.2 204.1 ± 0.1
Pyrinex 232.0 ± 0 236.9 ± 5.5 258.0 ± 6.3 318.7 ± 5.4 538.6 ± 16.8 275.7 ± 4.9 275.7 ± 4.9 206.3 ± 3.7

Total dissolved solids mg L−1) Control 115.0 ± 0 115.7 ± 0.3 126.1 ± 0.6 155.1 ± 0.6 240.6 ± 0.9 163.0 ± 0.7 138.8 ± 0.4 102.8 ± 0.3
Karate Zeon 115.0 ± 0 111.7 ± 1.1 128.7 ± 1.9 158.4 ± 2.3 243.1 ± 5.2 166.7 ± 2.9 138.4 ± 1.5 102.8 ± 1.7
Mulan 115.0 ± 0 114.3 ± 0.6 126.9 ± 0.7 153.6 ± 0.6 233.9 ± 1.1 162.9 ± 0.8 124.9 ± 0.5 101.9 ± 0.5
Pyrinex 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 7.7 ± 0 7.7 ± 0 7.7 ± 0 8.8 ± 0 8.3 ± 0.4 6.5 ± 0 6.0 ± 0
Karate Zeon 8.3.0 ± 0.1 8 0.0 ± 0 7.7 ± 0 7.7 ± 0 8.9 ± 0 7.00 6.8 ± 0.1 6.00.1
Mulan 8.3.0 ± 0 8.0 ± 0 7.8 ± 0 7.8 ± 0 8.9 ± 0 7.0 ± 0 6.7 ± 0 5.9 ± 0
Pyrinex 8.3.0 ± 0.1 8.0 ± 0 7.8 ± 0 7.7 ± 0.1 8.9 ± 0.1 7.1 ± 0.1 6.6 ± 0.1 6.0 ± 0.1

Temperature °C Control 25.0 ± 0 33.1 ± 0 22.3 ± 0 30.2 ± 0.2 21.7 ± 0 19.8 ± 0 32.6 ± 0 35.0 ± 0
Karate Zeon 25.0 ± 0 33.5 ± 0.5 22.2 ± 0 30.5 ± 0.2 22.0 ± 0.1 19.8 ± 0 32.9 ± 0.1 35.4 ± 0.2
Mulan 25. ± 0 33.1 ± 0 22.2 ± 0 30.4 ± 0.3 21.8 ± 0 19.7 ± 0 32.9 ± 0.1 35.3 ± 0.1
Pyrinex 25.0 ± 0 33.2 ± 0.1 22.3 ± 0 30.3 ± 0.1 21.7 ± 0.1 19.7 ± 0.1 32.7 ± 0.1 35.2 ± 0.2

Table 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.

Parameter Predictor F–value p–Value

Temperature Treatment 1.23 0.310
Time 2565.10 <0.001
Treatment × Time 1.74 0.202

pH Treatment 30.62 <0.001
Time 4148.40 <0.001
Treatment × Time 1.17 0.292

Conductivity Treatment 1042.81 <0.001
Time 12,988.78 <0.001
Treatment × Time 0.23 0.637

Total dissolved solids Treatment 185.80 <0.001
Time 3497.23 <0.001
Treatment × Time 1.40 0.251

Significant p–values are in bold.

Fig. 1. Total (larvae+pupae), larval (Culex spp. andAnopheles spp.) and pupal (all gener
treatments ofMacadamia integrifolia leaf litter treatedwith Karate Zeon,Mulan, Pyrinex a
individual.
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3.3. Chlorophyll-a concentration

Chlorophyll-a concentrations generally increased in control treatments
compared to pesticide treatments (ANOVA: F = 0.472, df = 3, p =
0.033) (Fig. 2). Pesticide-free control treatments had significantly higher
mean chl-a concentration (0.30 mg L−1) compared to Karate Zeon
(0.02 mg L−1) and Mulan (0.04 mg L−1). Chlorophyll-a concentrations
demonstrated differences among pesticide treatments following a decreas-
ing order of Pyrinex>Mulan>Karate. Following Tukey's post-hoc analysis,
signficant differences were highlighted between treatments i.e., control
vs Karate (p < 0.001), control vs Mulan (p < 0.001), Karate vs Pyrinex
(p < 0.001) and Mulan vs Pyrinex (p < 0.001).
3.4. Decomposition

Leaf litter mass remaining (%) of M. integrifolia at the end of the exper-
iment differed significantly among treatments i.e., control, Karate, Mulan,
Pyrinex (ANOVA: F = 11.034, df = 3, p < 0.001), following a decreasing
a)mosquito abundances (mean±SD, n=10) in 9 L containers across experimental
nd pesticide-free controls at the end of the experiment (8weeks). Abbreviation: ind –



Fig. 2. Chlorophyll-a concentrations (mean ± SD, n = 10) from Karate Zeon, Mulan, Pyrinex, and control treatments at the end of the experiment (8 weeks).
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order of Mulan (56.7%) < Control (77.8%) < Karate (84.8%) < Pyrinex
(88.5%). Leaf litter treated with Mulan drove increased decomposition,
with significantly reduced mass compared to Karate Zeon, Pyrinex and
controls (all p < 0.001) (Fig. 3). Following Tukey's post-hoc analysis, signif-
icant differenceswere highlighted between treatments i.e., control vsMulan
(p < 0.004), Karate vs Mulan (p < 0.001), Mulan vs Pyrinex (p < 0.001).

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). How-
ever, there had been research gaps on how different pesticides affect
Fig. 3. Oven-dry mass remaining (mean ± SD, n= 10) of macadamia leaf littertreated
end of the experiment (8 weeks).
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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 decomposi-
tion, 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 (Fugère et al., 2016;
Rasmussen et al., 2012; Cornejo et al., 2019) and impair their functioning
(Dawoud et al., 2017; Cornejo et al., 2020; Fugère et al., 2020). Using an
ex-situ microcosm experiment, overall, we found that Karate Zeon
and Mulan had a significantly negative effect on water column primary
with the pesticides Karate Zeon, Mulan, Pyrinex, and pesticide-free (controls) at the
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productivity (using chl-a concentrations as a proxy), while Pyrinex 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 compared to Karate Zeon and Pyrinex.
Furthermore, Mulan and control treatments also differed significantly.
Lastly, we found that select pesticides used in M. integrifolia plantation
may promote the colonisation, development and/or growth of inverte-
brates, specifically mosquitoes. Consistent with previous work using micro-
cosm 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 differen-
tial colonisation across treatments, primary production and decomposition.
With regard to primary production, high levels of chlorophyll-a often indi-
cate poor water quality and low levels often suggest good conditions; poor
(chl-a > 20 μg L−1), fair (5 < chl-a < 20 μg L−1), good (chl-a < 5 μg L−1)
(Huang et al., 2011). Consistently high or variable chlorophyll-a concentra-
tion 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 and Mulan caused significantly reduced chlorophyll-a concen-
trations whereas there was a high chlorophyll-a concentration in control
and Pyrinex 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 availabil-
ity within aquatic systems (Cuthbert et al., 2022). As expected, follow-
ing a similar study by Muturi et al. (2013), exposure to 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 agricul-
tural 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 impor-
tance 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 dif-
ferences 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 mea-
sure 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 inver-
tebrates), and that pesticides effects likely resulted from impaired bio-
logical 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 had increased decomposition indicates that the effects
were due to the main active pesticide ingredient, i.e., acetamiprid
(neonicotinoid). Variation in mass loss among pesticide leaf treatments
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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 pesti-
cides 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 eco-
systems. 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 demon-
strated that M. integrifolia leaf litter inputs treated with pesticides, namely
Karate Zeon, Mulan, Pyrinex and controls, differedmarkedly in their effects
onmosquito colonisation. These pesticides might adversely affect mosquito
natural enemies, and therefore promote their proliferation through enemy
release in aquatic environments (Govindarajan et al., 2018). We found that
Mulan and Pyrinexwere by far themost favourable pesticides for the devel-
opment of mosquitoes and caused elevated abundances of larvae and
pupae. Elevated mosquito abundances in Mulan and Pyrinex could be due
to their efficacy being lower in water, as a result of their active ingredients
i.e., acetamiprid (neonicotinoid) and chlorpyrifos (organophosphate), re-
spectively, being deactivated (Huston and Pignatello, 1999). Although
not tested here, these pesticides might also adversely affect mosquito natu-
ral enemies, and therefore promote their proliferation through enemy
release.

The almost complete absence of Anopheles spp. and Culex spp. in Karate
Zeon treatments could be due to the fact that 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) 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 mortal-
ity post-arrival. Overall, high mosquito abundances and colonisation in
Mulan treatments indicate better-perceived habitat quality 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 invertebrates abundances associ-
ated 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 invertebrates colonisation
and microbial abundances exposed at environmentally-relevant concentra-
tions. However, we believe our results are a good starting point to the
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understanding of effects of such pesticides on aquatic habitats, invertebrate
communities and abundances, primary production as well as decomposi-
tion dynamics.

5. Conclusions

In conclusion, we assessed variation in decomposition rates, mosquito
colonisation and primary production levels i.e., chlorophyll-a among pesti-
cide treatments, namely Karate Zeon, Mulan, and Pyrinex as indicators for
habitat quality.We found that pesticide treatments induced shifts in decom-
position, 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 tomos-
quito larvae. These findings provide a basis for understanding the implica-
tions of pesticides in M. integrifolia plantations and aquatic ecosystem
processes. The findings are also essential for health sectors in understand-
ing how anthropogenic chemical contaminants may affect human health
since container aquatic habitats aremostly utilised by humans and are dom-
inated 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 ofM. integrifolia trees and partic-
ular usage of Karate Zeon 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 inver-
tebrate communities in aquatic ecosystems during the production of pesti-
cides. The use of pesticides in agriculture represents an important
selective force likely to affect all types of aquatic organisms. Therefore, fur-
ther studies are required to directly link mosquito abundance and commu-
nity 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 ofmacadamia leaf litter and the effects on functioning of freshwa-
ter ecosystems and associated services.
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