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Abstract

Soil-living biota are essential for soil processes and functions, but in recent years soil biota
have increasingly been facing multiple and interacting threats due to land use change and
agricultural intensification. One of the threats that has recently come under increasing
scrutiny for their impact on non-target organisms is neonicotinoids; a group of systemic
neuro-active insecticides that disturbs the transmission of signals in the insect’s nervous
system. The direct toxicity of neonicotinoids to non-target species warrants an evaluation of

their long-term impact on agricultural soils and the surrounding ecosystems.

The aim of this study was how imidacloprid combined with an environmental stressor
affected abundance within a microarthropod soil community during a summer season,
focusing on occurring springtails and mites in the soil core as well as the added springtail
Folsomia quadrioculata. Soil communities in mesocosms were exposed in situ to four
different concentrations of imidacloprid by injecting it directly in to the soil, ranging from
realistic field levels (0.02 — 2.5 mg/kg), in addition to control. One half of the communities
were also exposed to a watering treatment that consisted of 20% of the mean precipitation the

previous 10 years of that week.

The overall results showed that watering did not alter the exposure regime due to high natural
rainfall that year. However, indications of mobility of imidacloprid over time, leaching in
depth was observed. The results also showed that springtails are sensitive to the concentration
levels of imidacloprid. Moreover, they respond in a concentration-dependent manner,
suggesting that the higher the dose, the more severe is the impact of imidacloprid. Soil
dwelling springtails was found to have the highest reduction in abundance, especially towards
the end of the experiment. The abundance of mites was not severely affected by imidacloprid,
and showed little to no decrease in abundance when exposed to even the highest

concentrations of imidacloprid.
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1 Introduction

1.1 Agricultural interferences

Agricultural land is a critical resource for food production worldwide where farmland is
responsible for the vast majority of food production. However, as the world population grows
in number, wealth and consumption, so does the pressure on agricultural land and soils.
Agricultural intensification has already reduced area of land used to feed one person by a
third in the period 1963 to 2005 (Kastner et al., 2012). Humans have already appropriated up
to one-third of the global terrestrial potential net primary production with croplands covering
12-14% of the ice-free global surface (IPCC, 2019). At the same time, loss of fertile cropland
due to urbanisation, climate change, pollution and loss of biodiversity challenge crop
production. This is exacerbated by factors such as urban industrialisation, agricultural inputs,
global warming and loss of fertile cropland (Foley et al., 2011; Kastner et al., 2012). Together
with increasing temperatures, changes in precipitation (e.g. drought or increased humidity)
and biotic (e.g. pests, disease) disturbances are to be expected (IPCC, 2019). Consequently,
these effects may have an effect on crop production and soil biota. Environmental
conservation is not only key for future successful food production to reach the food demand
but will be instrumental in preventing a loss of biodiversity, deforestation, water degradation
and an increase in greenhouse gas emissions (Foley et al., 2011). Natural soil consists of a
comprehensive storage of diverse biological communities and the activity and interactions of
these biotas shape ecosystem processes many other ecosystems depend on (Wardle et al.,
2004; Wagg et al., 2014). As the majority of processes in terrestrial ecosystems have soil as
an active regulatory centre, the responses of soil fauna to environmental stressors is of
growing importance (Wardle et al., 2004; Pritchard, 2011). Especially because of their crucial

role in providing ecosystem services.

The increasing land use change and agricultural intensification also brings other concerns to
the effects on abundance and biodiversity. The exposure to anthropogenic contaminants and
their join effects to environmental changes might have a range of detrimental effects on

natural soil communities when exposed to even low concentrations and over time (Helgason

et al., 1998;).



1.2 Soil communities

Soil biota are essential for soil processes and functions, and soil communities are often used
as bioindicators for soil conditions providing quantified measurements of physical or
chemical properties of their natural environment (Stork and Eggleton, 1992; Barrios, 2007).
The soil fauna composition has a large variation and a soil community is defined as healthy if
it has a diverse food web and is able to keep pests and diseases under control through
predation and competition (Barrios, 2007; Widenfalk et al., 2016). Soil invertebrates play an
important role in soil formation and maintaining soil fertility, and are often crucial
components of terrestrial ecosystems providing decomposition of organic matter, recycling of
nutrients, and general maintenance of soil health (Stork and Eggleton, 1992). The invertebrate
community structure and composition is strongly controlled by soil temperature and moisture
(Stork and Eggleton, 1992; Jucevica and Melecis, 2006). For simplicity soil fauna are often
subdivided into groups based on size (wm — mm) or functional role within soil food webs as
macrofauna (e.g. earthworms and termites), mesofauna (e.g. microarthropods), microfauna
(e.g. nematodes and protozoans) and microflora (e.g. bacteria and fungi) (Wardle et al., 2004;
Pritchard, 2011). Microarthropods are an important and numerous group of soil fauna. They
are a morphologically and functionally diverse group that inhabits air-filled pore space. These
organisms have a relatively large role in soil ecosystems being responsible for nutrient
cycling through a diversity of processes (Swift, Heal and Anderson, 1979; Makkonen et al.,
2011).

1.2.1 Collembola (Springtails)

Collembola (Hexapoda), or springtails, are the most abundant, diverse and complex group of
soil microarthropods with a global distribution inhabiting numerous niches including soil and
litter (Hopkin, 1997). These organisms are often good indicators within the soil mesofauna,
providing an important contribution in mineralisation of organic matter (Bardgett and Chan,
1999, Hopkin, 1997). These small, entognathous (having internal mouth parts) soil organisms
(0.2-8 mm), contribute to the nutrient cycle in soil and other processes via their feeding
activity (Rusek, 1998). Springtails are also major components in the soil fauna and of
terrestrial ecosystems, constituting a significant contribution to the total biomass of soil
invertebrates. Springtails are omnivorous and have a diverse diet defined by the specific niche
they inhabit and are found to feed on fungal hyphae, bacteria, algae, protozoa, dead

vegetation, living plants, soil detritus, nematodes, and other microbiota (Hopkin, 1997;



Rusek, 1998). They are an integral part of soil ecosystems, contributing to dispersion of plant
litter, fungal spores and bacteria (Hopkin, 1997). By feeding in one soil area and excreting in
another, their faecal pellets may also have a crucial role in increasing the availability and
surface area of organic matter, engaging further microbial and fungal decomposition, and the
release of essential nutrients (Rusek, 1998; Sjursen and Holmstrup, 2004; Buse, Ruess and
Filser, 2014). By doing so, the springtails become an important link in the transfer of energy
between food webs above and below ground, where their feeding activities are joined by
increased nutrient availability, as well as being preyed upon by a wide variety of small
arthropod predators (Hopkin, 1997; Rusek, 1998). Studies show that the presence of
springtails also affect the increase of mineralisation of nutrients, such as nitrogen (N) and
phosphorous (P), making them available for uptake by plants and hence increasing plant
production. The changes demonstrate how a ecosystem respond to natural and anthropogenic

environmental changes (Hopkin, 1997; Cragg and Bardgett, 2001).

1.2.2 Mites (Acari)

Together with the springtails, mites (Acari) are the other large group of microarthropods in
soil. Mites are small arachnids (0.1 — 30 mm) that are distributed throughout the world and are
found in almost every ecosystem (Dhooria, 2016). Mites display an enormous variation in
lifestyle, ranging from saprophagous (feeding on dead or decaying organic matter) to
herbivorous and from parasitic to predator (Van Leeuwen and Dermauw, 2016). Plant feeding
mites play an important role as pests of different crops and controller of weeds. Soil mites are
typical representatives of soil microfauna inhabiting soil pores and other soil spaces. They
inhabit primarily the upper layers of soil. Soil mites have an exceptional importance in the
circulation of nutrients in soil and are more resistant to desiccation in contrast to other soil
microfauna, often showing a high tolerance to loss of moisture (Perdue and Crossley, 1989;
Sjursen and Semme, 2000; Dhooria, 2016). In the soil ecosystem, mites influence
decomposition and soil structure by reduction of organic matter and production of faecal
pellets, while predatory mites contributes to population control by feeding on other mites and
smaller soil mesofauna (Dhooria, 2016). Mites are also found to inhabit resistance to
xenobiotics (chemicals not produced by organisms or the environment) through adaptations in
mechanisms to overcome toxic substances such as increased metabolism, behavioural
changes, target-site insensitivity etc,. (Holmstrup, Maraldo and Krogh, 2007; Kardol et al.,
2011; Dhooria, 2016).



1.3 Pesticides

Plant disease vectors and harmful organisms (‘pests’) pose economic threats in agricultural
ecosystems. Pesticides are substances used for protection of plants against pests by either
preventing, destroying or controlling the unwanted pest that causes harm or otherwise
interferes during production, processing, storage and transport. Pesticides are often grouped
based on the target organisms such as insecticides, fungicides, herbicides, rodenticides,
bactericides, repellents and biocides. The usage of pesticides has increased in the last half-
century. An analysis done by the EPA (Environmental Protection Agency) found ~3 million
tonnes of pesticides were produced in 2012 (Atwood and Paisley-Jones, 2017). Of all the
pesticides produced, herbicides had the highest market share followed by insecticides with a
market share of 29% (Atwood and Paisley-Jones, 2017). Insecticides are classified based on
their structure and mode of action, consisting of five major classes: pyrethroids, chlorinated
hydrocarbons, methyl carbamates, organophosphorus compounds and neonicotinoids (EPA,

2021).

1.3.1 Neonicotinoids

Neonicotinoids, meaning “new nicotine-like insecticide”, has become one of the highest
selling and most widely used group of insecticides due to their effective action against target
organisms (e.g., chewing insects like plant hoppers and coleopteran pests) as well as their
easy and extensive application range (Jeschke and Nauen, 2008). Neonicotinoids are divided
into two groups: N-cyanoamidines (containing a cyano group) and N-nitroguanidines
(containing a nitro group). N-cyanoamidines include thiacloprid and acetamiprid. N-
nitroguanidines include inter alia, imidacloprid, thiamethoxam and clothianidin.
Neonicotinoids are systemic, meaning they are distributed throughout the plant via the sap
stream making the entire plant toxic to the target insects (van Gestel et al., 2017). Due to
neonicotinoids being highly soluble molecules they also hinder transmissions of vector
viruses indirectly (Jeschke and Nauen, 2008). As a result of the difference between the
number of nicotinic receptors in the nervous system between vertebrates and invertebrates,
neonicotinoids show a higher toxicity to insects and other arthropods (Gibbons, Morrissey

and Mineau, 2015; Simon-Delso et al., 2015).

Although synthetised in the 1970s, neonicotinoids were patented and sold as a commercial

product in the mid 1980s with a peak in the 1990s. The neonicotinoids was perceived as



having low risk to the environment as well as to non-target organisms, they were also
considered as a milestone in agricultural research, replacing other hazardous insecticides (e.g.,
organophosphates) (Jeschke and Nauen, 2008). However, the substances have recently come
under increasing scrutiny for their impact on non-target organisms. Their broad methods of
application as seed-dressing agents, soil treatment or spraying increases the possibilities of
soil dwelling invertebrates being affected by the neonicotinoids (Tomizawa and Casida, 2005;

Jeschke et al., 2011).

Neonicotinoids today

In the mid-2000s, after several studies raised awareness of the effect neonicotinoids had on
beneficial pollinators, the European Safety Authority (EFSA) conducted a risk assessment
that lead to a moratorium on three neonicotinoids in 2013 and then a total ban including use
on all outdoor field crops of certain neonicotinoids in 2018 (imidacloprid, clothianidin and
thiamethoxam) (EFSA, 2018). An authorisation may be given to these neonicotinoids if it is
only used as an insecticide in a permanent greenhouse, or for the treatment of seeds intended
to be used only in permanent greenhouses. However, several Member States in the EU have
repeatedly granted emergency authorisations for outdoor usage for some of the banned
pesticides (EFSA, 2020). Neonicotinoids are also still registered globally for agricultural and
non-agricultural uses, such as lice treatment both on pets and in aquatic farming (Naiel et al.,
2020, Thompson et al., 2020). In the US, EPA wants to continue to allow five neonicotinoid
pesticides to remain in the US marketplace (EPA, 2020).

Neonicotinoids have low sorption in soil and are known to contaminate terrestrial ecosystems
(Selim, Jeong and Elbana, 2010). Depending on the pH, temperature, type of soil, moisture
etc., neonicotinoids can accumulate and persist in soils ranging from 1 day to almost 19 years
(Goulson, 2013; Bonmatin et al., 2015; Wood and Goulson, 2017; van Gestel et al., 2017).
Even if the persistence of neonicotinoids presents a potential environmental health concern
that has been previously highlighted by recent research and public health agencies, the current
scientific literature is mainly focused on the impact of neonicotinoids on pollinators and some
aquatic insects. Since contamination of neonicotinoids into different ecosystems can take
place through multiple pathways, gathering knowledge about how it affects the soil fauna is
of utmost importance. Some toxicity data on soil invertebrates is available. The Organisation
for Economic Co-operation and Development (OECD) have set internationally accepted

specifications for the testing of chemicals through standardised test guidelines. There are two



OECD test guidelines set for assessing the effects of chemicals on the reproductive output of
soil dwelling microarthropods, specifically for soil dwelling springtails (Folsomia candida
and Folsomia fimetaria) and soil dwelling predatory mites (Hyoaspis aculeifer) (OECD,
2016). However, natural stressors are not included in OECD tests and environmental

conditions are kept optimal, whereas free-ranging species seldom have optimal conditions.

1.3.2 Combined effects of a changing climate and pesticides

Predicting and understanding the effects of multiple stressors to ecosystems is crucial yet
challenging. Anthropogenic activities expose ecological systems to a wide range of stressors
that can act in concert with pollutants. These stressors and their direct, indirect and/or
interactive effects can vary depending on the ecosystem, species and the characteristic of the
stressor (Holmstrup et al, 2010; Tilman et al, 2014). An understanding of how multiple
stressors impact ecosystems, especially agricultural systems, will improve the ability to
protect, manage and assess the systems as well as contributing to an understanding of

fundamental ecological principles.

Recent global circulation models predicts changes in precipitation patterns and soil moisture
contents the next years, an increase in rainfall in the higher latitudes and a decrease in rainfall
in the lower latitudes of the northern hemisphere are to be expected (IPCC, 2007, 2014).
Water is often the most limiting factor for crop growth and changes in water availability can
cause severe alterations in agricultural ecosystems. Pesticides like neonicotinoids have the
tendency to leach from soils if water is present and potentially pass over to a wider
environment, affecting larger variety of organisms (Wood and Goulson, 2017). Studies have
also shown extremes in rainfall can interact with pesticides and cause short-term shifts in
microbial community function and long-term shifts in bacterial community structure
indicating a redundancy in soil functions (Ng et al., 2014). Studies have also shown that
prolonged drought in soil can increase pesticide soil pollution over time (Goulson, 2013), as
well as affect the pesticide’s toxic potential for ecological receptors (Delcour, Spanoghe and
Upyttendaele, 2015; Ogungbemi and van Gestel, 2018). Reduction in soil moisture can in itself
also have a negative effect on surface dwelling arthropods that inhabit important roles such as
cycling nutrients, decomposition of organic matter and maintenance of soil structure (Dai,

2013).



1.5 MULTICLIM

This thesis is part of the project Effects of climate change in a multiple stress multispecies
perspective (MULTICLIM), financed by the Research Council of Norway (RCN) through the
large-scale Programme on Climate Research (KLIMAFORSK). The project MULTICLIM is
studying the complex question of how multiple stressors (climatic stress and human-made
toxicants) affect biological responses at the individual and population level in springtails by
combining both laboratory, field and modelling studies to disentangle the joint responses.
Within MULTICLIM, laboratory tests with a single springtail species and controlled
treatments have provided valuable data that can be used as a basis for investigating how
combinations of natural and chemical stressors work under realistic conditions. The advantage
of field study gives the opportunity to measure and manipulate the effects of the changes in

natural communities while also representing realistic scenarios.

Studies on sublethal effects of short-term imidacloprid exposure and postexposure recovery in
the springtail Folsomia quadrioculata have been conducted under laboratory conditions,
suggesting that low imidacloprid exposures can restrict reproduction, with potentially severe
consequences for the population (Sengupta et al., 2021). How soil communities respond to
climate change is still an understudied topic, and understanding what the combined impacts of
neonicotinoids and other environmental stressors have on these organisms is of growing
importance because of their crucial role in providing the services of ecosystems, especially to

agricultural ecosystems.

1.6 Aim and objective

The overall aim of this study was to determine how the abundance of a soil community is
affected by the neonicotinoid imidacloprid under a future climate by looking at springtails and
mites. The natural soil community was manipulated by adding the springtail species Folsomia
quadrioculata, from which there is comparable data from laboratory studies (Sengupta et al.,

2021). In particular, the objectives and hypotheses tested were as follows:

H1) The effects of the water-treatment together with increasing concentrations of
imidacloprid will have a negative effect on the abundance of springtails, especially in the no-

watering blocks as imidacloprid degradation is reduced in dry soils.



H2) Watering will lead to increased leaching, and thus lead to lower concentrations in the

surface and elevated imidacloprid levels in the deeper soil with time

H3) The abundance of F. quadrioculata will be reduced in a concentration-dependent manner

when exposed to increasing concentrations of imidacloprid

H4) The abundance of coexisting springtail species will be reduced in a concentration-
dependent manner when exposed to increasing concentrations of imidacloprid. Compared to
the other springtails, the soil dwelling springtails will be greatly affected over time due to

imidacloprid leaching in to the deeper soil with time

HS) Due to the mites resistance to anthropogenic compounds and desiccation, the abundance
of mites will not be reduced in a concentration-dependent manner when exposed to increasing

concentrations of imidacloprid, nor will they be affected by the watering regime.



2 Materials and Methods
2.1 Study species

2.1.1 Folsomia quadrioculata

Folsomia quadrioculata (Tullberg 1871, Isotomidae, Figure 1) is a Holarctic species
dominating different types of habitats, including arctic and temperate sites (Fjellberg, 2007).
F. quadrioculata may reach up to 2.5 mm in length, and is slightly pigmented with a light
greyish colour (Fjellberg, 2007). It is a highly successful soil and litter-dwelling species found
in habitat types ranging from open meadows and dense forests at temperate sites, to dry ridges
and wet vegetation in the Arctic (Semme and Birkemoe, 1999; Ponge, 2000; Chimitova,
Chernova and Potapov, 2010; Sengupta, 2015). The responses to toxic exposure seen in
F.quadrioculata in other studies (Coulson et al., 2000; Krab et al., 2010; Sengupta, 2015;
Roos et al., 2020), suggests that an assessment of responses to the exposure to neonicotinoids

require validation across springtail species more typical of natural environments. Making the

F. quadrioculata a suited study organism.

Figure 1. The study species Folsomia quadrioculata observed in a sample. Photo
credit: Mia Drazwkowski Teksum



2.1.2 Ecological groups of springtails

The main ecological types of springtails (Figure 2) used in this study has roughly been
divided into three groups of species: epiedaphic (surface dwelling), hemiedaphic (litter
dwelling) and euedaphic (soil dwelling) species. These groups, distinguished by certain
morphological and genetic features, are based on the springtails vertical distribution in the soil
column and morphological traits related to moisture preference and habitat width (Hopkin,
1997; Ponge, 2000; Makkonen et al., 2011). Surface dwelling springtails are characterised by
their pigmented bodies and number of ocelli (eye spots). These organisms live mainly on top
of the soil or litter surface where they are subjected to a higher predation and highly variable
environmental conditions, and as a result are more adapted to soil surface conditions
(Makkonen et al., 2011). Species of springtails that are litter dwelling live mostly within the
litter layer and are often somewhat pigmented with a reduced number of eye spots. Lastly the
soil dwelling springtails often consist of unpigmented species that live and feed in the soil,
with or without visible ocelli and are less adapted to environmental fluctuations (Hopkin,

1997; Fjellberg, 2007).

Figure 2. Figure showing a pigmented surface dwelling springtail, Hypogastrura viatica.
Photo credit: Hans Petter Leinaas
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2.1.3 Mites

Within the soil fauna, species of mites (Figure 3) are often used as bioindicators to investigate
the ecological stage of soils from natural or anthropogenic ecosystems due to their high
population density, species richness, low mobility and a responsiveness to a variety of soil
and environmental conditions (Manu et al., 2019; Meehan et al., 2019). Families of mite
species have also been found as strong indicators of agricultural disturbances (Behan-
Pelletier, 1999; Gergocs and Hufnagel, 2017). Although the community composition of mites
may differ between type of soils and habitat, a resistance to synthetic chemicals has been
studied in economically relevant species of mites. In these laboratory studies, an exposure to

neonicotinoid pesticides has been found to increase the fecundity of some mites species that

are damaging pests of horticultural and field crops throughout the world (James and Price,
2002; Szczepaniec et al., 2011).

Figure 3. Figure showing two types of naturally occurring soil mites in an agricultural field, a
predatory Gamasida (1) and three Oribatida (2). Photo credit: Heidi Sjursen Konestabo

11



2.2 Study chemical: imidacloprid

The Imidacloprid CAS-name is 1-[(6-chloro-3-pyridinyl) methyl]-N-nitro-2-
imidazolidinimine (CO9H10CIN502), and the [UPAC-name is (E)-1-(6-chloro-3-pyridyl-
methyl) Nnitroimidazolidin-2-ylideneamine (Figure 4). Imidacloprid, like the rest of the N-
nitroguanidines, has shown to be more toxic to insects than N-cyanoamidines by binding
much more strongly to insect neuron receptors than to mammal neuron receptors (Jeschke et

al., 2011; Mani, Shivaraju and Kulkarni, 2014).

A/
e
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O

Figure 4. Molecular structure of the neonicotinoid imidacloprid. Source: Chemspider.

Like the other neonicotinoids, imidacloprid acts as an agonist on the nAChR receptors of
insects, found in the synaptic neuropil regions of the insects' central nervous system, evoking
the same effect as the natural neurotransmitter acetylcholine (ACh) by causing an inward
current that leads to action potentials being generated (Jeschke, Nauen and Beck, 2013).
Imidacloprid is a photosensitive compound in the aqueous phase and breaks down quickly in
water when exposed to light at wavelengths between 200 and 300 nm ((Sharma, Toor, and
Rajor 2015)). However, it can persist in soil for more than 100 days depending on the soil
depth (Zheng et al., 2004; van Gestel et al., 2017; Wood and Goulson, 2017; Silva et al.,
2019).
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2.3 Laboratory procedures

Pure imidacloprid (CAS No. 138261-41-3, Sigma-Aldrich) was dissolved in distilled water
and dilution was performed to obtain the right concentration. Due to the rapid degradation, the
stock solution was prepared in a dimly lit room, and the stock and diluted solutions were kept
in containers covered with aluminium foil and stored at +4 °C in a refrigerator out of UV-
light. The concentrations calculated in this thesis are based upon the imidacloprid

concentrations in the natural LUFA 2.2 standard soil.

To calculate the right amount of volume needed, from the stock solution, to make the

final solution, the dilution equation below was used:
Clvl = 62V2 (Equatlon 1)

Where C; is the concentration of the starting solution, Vi is the volume of starting solution
required to make a new solution, C; is the concentration of the new solution and V> is the
final volume of the new solution. In these dilutions, the unknown was the volume of starting

solution, V.

The calculations done were based upon a measured mean of soil that each mesocosm
contained and the number of mesocosms needed. The mesocosms contained approximately 95
g soil and the number of mesocosms needed in the experiment was 190 units. The different
concentrations of imidacloprid where then calculated by adding 2 ml of imidacloprid to 95 g

soil.

Stock solution

0.1 mg imidacloprid powder was weighed in a disposable weighing boat on a Mettler Toledo
AG204 Analytical Balance. The powder was transferred into a 500 mL bottle before adding
105 mL of distilled water. Imidacloprid and water were mixed using a magnet agitator set at
400 rpm. Subsequently, 24.9375 mL of the solution was diluted to 200mL with distilled
water. This was done to obtain a stock solution with the highest concentration used in the
experiment, 2.5 mg/kg dry soil, which would be achieved when adding 2 mL solution to a

mesocosms containing 0.095 kg dry soil.
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Final solutions

Concentration 2.5mg/ke: From the stock solution 100 mL was taken out with a mechanical

pipette (Eppendorf 50 ml) into a 100 mL volumetric flask.

Concentration 0.5mg/ke: From the stock solution 20 mL was taken out with a mechanical

pipette (Eppendorf 50 ml) into a 100 mL volumetric flask and distilled water was added, so
the volume reached the line of the flask. The solution was stored in a 100 mL centrifuge tube.

Concentration 0.1mg/ke: From the stock solution 4 mL was taken out with a mechanical

pipette mechanical pipette (Eppendorf 1000 pl) into a 100 mL volumetric flask and distilled
water was added, so the volume reached the line of the flask. The solution was stored in a 100
mL centrifuge tube.

Concentration 0.02 mg/kg: From the stock solution 0,8 mL was transferred with a mechanical

pipette (Eppendorf 1000 pl) into a 100 mL volumetric flask and distilled water was added, so
the volume reached the line of the flask. The solution was stored in a 100 mL centrifuge tube.

Concentration 0 mg/kg: 100 mL of distilled water was transferred with a mechanical pipette

(Eppendorf 50 ml) into 100mL centrifuge tube and stored together with the other dosages.

2.3.1. Culturing of study species

Adult individuals of F. quadrioculata were sampled from a stock culture at the Department of
Biosciences, University of Oslo (UiO). The populations from the stock cultures had been
obtained in 2007 from randomly collected and intact soil core samples from a spruce forest
close to As, Norway. The culture were kept on moist plaster of Paris mixed with activated
charcoal in 30 ml plastic boxes (d = 3.5 cm, h = 3 c¢m) in temperature cabinets (Sanyo MIR
553; accurate to +£0.5°C) at 15°C, a favourable temperature for the animals (Sengupta, Ergon
and Leinaas, 2016). The animals in the cultures are fed with pieces of bark from trees covered
with cyanobacteria and green algae and humidity conditions are kept by adding droplets of
distilled water to the plaster. Stock culture boxes contain about 100 animals to minimise the
risk of differences in culturing conditions such as food quality as well as competition
(Sengupta, Ergon and Leinaas, 2016). To collect the animals from the stock cultures, a stereo
microscope at x6 magnification was used and a thin brush damped with water. The collected
animals were then kept in new 30 ml culture boxes with 20 individuals per box at +15°C

(Figure 5).
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Figure 5. Figure showing culture boxes with plaster of Paris. Photo credit:
Mia Drazkowski Teksum

2.4 Study design

2.4.1 Study site

The field study was carried out at Kjerringjordet (59° 39’ N, 10° 45’ E) in As, Viken, Norway,
close to Oslo (Figure 6). Kjerringjordet, situated 78 meters above sea level, is located in an
agricultural area surrounded by fields of crop production, and where the study species F.
quadrioculata is a naturally occurring species. No treatment with pesticides had been done on
the site previously. A week before the experiment was started, the grass in the experimental

field was cut.
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Figure 6. Map showing an overview of the study site, Kjerringjordet at As, Viken, Norway.
The red circle shows the field site where the experiment was conducted. Source: Kartverket

2.4.2 Study design

The experiment was started 16. May and continued until 5. August 2019. To minimise the
effect of local variance on the experiment, a block design with replicates of intact soil cores in
mesocosms was chosen. The block design consisted of 16 1x1 m blocks placed 1 m apart, in a
grid pattern across the field. Eight blocks were watered twice a week, and eight blocks only
received natural precipitation. Within each block, a 4x4 grid plot was established where 13
mesocosms were installed, each mesocosm separated with 12 cm between each position
(Figure 7). Each block was measured accordingly to the study design (1x1 m with 1 m
between each block and 12 cm between each mesocosm position within the block) by using a
self-retracting metal tape measurer. The plots without mesocosms were sampled for natural
abundance at different times during the experiment. The block design thus had a total of 256
sample plots all together. Positions of mesocosms and sampled plots were chosen through

randomisation (Appendix A).
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Figure 7. The figure shows an example of how a block looked like in the experimental field. The circles
in each square represents the position of the mesocosms and the correspondent soil samples where each
sample plot was separated by 12 cm. The sample plots consisted of correspondent soil samples with no
mesocosms (empty space), mesocosms for chemical analysis (blue) and mesocosms with treatment: 0
mg/kg (white), 0.02 mg/kg (green), 0.1 mg/kg (yellow), 0.5 mg/kg (purple) and 2.5 mg/kg (red).

® 2.5 mgkg

The mesocosms consisted of cylindrical plastic containers (h=5 cm , d= 5 cm), (Figure 8) with
a bottom and top lid covered by a fine mesh net (0.3 mm) making it possible for water and gas
to exchange naturally between cylinder and the environment, but preventing the animals from
moving in and out of the cylinder. Each mesocosms was labelled with block letter and
position number, and put back in place from where the soil core was taken. 20 adult F.
quadrioculata were added to each mesocosms, and the mesocosms were treated with 5
different imidacloprid concentrations equivalent to 0, 0.02, 0.1, 0.5 and 2.5 mg/kg dry soil. A
watering regime was also conducted to manipulate the water availability. All mesocosms,
including the plots without mesocosms, was randomised within the block. The mesocosms

used for chemical analysis contained no added F. quadrioculata.
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Figure 8. The figure shows a mesocosms that has been in the ground for 81
days, covered with moss and grass growing out of the lid. Photo credit: Simen
Kjellin

As a water treatment, an assumed precipitation for As during the experiment was simulated.
The watering regime was set up in L/m2 by calculating the exact amount of water needed two
times a week.. The chosen amount of water for the watering blocks were found through
calculating 20% of the mean rainfall at As each day in May, June, July, and August from the
period 2000 to 2018. The overall mean of monthly precipitation at As in May to August were;
From the 16™ of May 70.5 L/m2 and the entire months of June 77 L/m2, July 89 L/m2 and
August 96 L/m2. Precipitation data was found through eKlima (now named seKlima),

Norwegian Meteorological Institutes weather and climate data web page.

2.4.3 Field procedures

To sample intact soil cores including the litter layer the habitat metal, a metal soil corer (d =5
cm) was used. This was done to get the natural structure of the soil and to preserve the
remaining material in the soil core (Figure 9a). By pushing the corer approximately 4 - 10 cm
down in the selected plot and by twisting the corer and lifting it the soil sample was collected.
The lower half of the soil sample was adjusted by using a knife to cut off excessive soil if the
sample was too deep. Each mesocosm was labelled with block letter and position number

before placing the soil sample in to the mesocosms with the plant layer facing upwards. Each

18



mesocosm was placed back into the position where the soil column had been extracted. Grass
and other plants in the sample that were too long was carefully cut with a scissor. 2 mL of the
imidacloprid treatments were applied in situ in to each of the respective mesocosms (Figure
9b). To prevent the chemical to go through photodissociation (a chemical reaction in which a
chemical compound is broken down by photons) aluminium foil was wrapped around the
solutions, as well as plain white paper was used to shade when applying the treatment. Before
carefully placing the lid onto the mesocosm 20 individuals of F.quadrioculata was added into
each one. The mesocosms chosen for chemical analysis were treated with concentrations of

imidacloprid similar as the other treated mesocosms, but without adding F.quadrioculata.

a)

Figure 9ab. Figure showing soil corer (a) and applying of imidacloprid concentrations in situ in the field (b)
using aluminium foil to prevent the chemical from going through photodissociation. Photo credit: Mia
Drazkowski Teksum

Watering blocks were watered Mondays and Thursdays each week. Distilled water was used
to prevent possible high concentrations of minerals from regular tap water, using a pressure
sprayer. It was made sure not to step inside of the blocks while watering, and rather make a
path on the outside to not disturb the soil fauna during the setup and the duration of the entire

experiment.
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2.4.4 Sampling over time

During the set-up of the experiment in May, 26 soil cores were sampled as start of the
experiment. After 6 and 12 weeks, mesocosms were sampled from each block (106 in June,
112 in August). A number of mesocosms in each blocks were collected each sampling both
from the “watering” and “no watering” blocks. Mesocosms where chosen by randomisation
(Appendix A). Additional corresponding soil samples without a mesocosm was also collected
from the empty position in each block. This was done to get an understanding of the natural
occurrence at the experimental site. Sampled mesocosms, corresponding soil samples and
samples for chemical analysis were put in labelled plastic bags and transported to the lab at
UiO for weighing of fresh weight (FW). Soil samples for chemical analysis were also
sampled during each sampling time, these were weighed for fresh weight and then
immediately stored in a freezer (-18°C) for further analysis. Having the chemical analysis-
mesocosms in a freezer was done to prevent the soil column to dry out as well as preventing
breakdown of imidacloprid. Consequently, there were no extraction and counting of soil fauna

in samples for chemical analysis.

2.5 Extraction and analysis of soil fauna

Each soil core and mesocosms were weighed for fresh weight with both lids, containers and
plastic bags. Before extraction of soil fauna the soil column had to be taken out of the
mesocosm, this was done by tapping the edge of the lid against the end of a table until the lid
popped off. The soil column was then gently put into new containers in an inverted position,
surface layer down, over a collecting vessel containing water saturated with benzoic acid
(Figure 10). Soil organism were extracted in extraction apparatus modified after Macfadyen
(1961) used to extract living organisms, particularly soil arthropods (Macfadyen, 1961). The
extraction was done by creating a temperature gradient by having a cooling system at the
bottom of the apparatus and a heat source from above, making the organisms move away
from higher temperatures and into collecting vessels (Halbritter et al., 2020). Mesocosms, lids

and plastic bags were weighed separately during the extraction time.

After each extraction all soil core samples was weighed for dry weight. The extracted soil
fauna from the collecting vessels were removed by using a pipette, water saturated with
dishwashing soap (to allow the microarthropods to sink to the bottom of the vessel) and Leica

stereo-microscope, this process was done to collect and place the soil microarthropods into
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new containers for further examination. The extracted organisms were put in glycerol for

preservation and kept in a temperature room at +4°C.

Figure 10. Figure of extraction apparatus modified after Macfadyen (1961)
showing containers with soil. Photo credit: Heidi Sjursen Konestabo

The springtails from each sample was counted under a Leica microscope, as well as identified
and grouped by family by using identification keys (Fjellberg 1998; 2007). F. quadrioculata
was the only species of springtail that was identified by genus. Individuals of springtails that
could not be identified was sorted as “unidentified springtails”. Individuals of Symphypleona
that was too difficult to identify was sorted as “unidentified Symphypleona”. Juvenile
organisms difficult to identify by species was sorted as “juveniles”. Other soil
microarthropods like mites were identified by subclass Acari and pooled together, while
others organisms found in the soil samples were identified by class and grouped together
accordingly. The samples were analysed by sample time (from samplings done in May, June
and August 2019) and each sample inspected was randomised so that chemical treatment was

not known during the counting and identification.
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2.6 Determination of moisture content in soil samples

Before extracting the soil fauna, the soil samples were weighed for fresh weight (FW). After
extraction of soil fauna the now dry soil samples was re-weighed for dry weight (DW).

The % moisture content (given in Appendix B) was calculated using Equation 2:

Moisture content % = FWD_V\]])W x 100 (Equation 2)

2.7 Imidacloprid analysis

2.7.1 Preparation of samples

Chosen soil samples for chemical analysis were moved from the freezer and put in to a
refrigerator (4°C) for approximately 30 minutes before preparation. This was done to let the
thawing process start but continuing to keep the samples cold, which prevented them from
drying out. The samples was kept away from light sources during the thawing process to
prevent breakdown of imidacloprid. The preparation process was also done without a direct

light source in the working area to further prevent a possible breakdown of imidacloprid.

All preparations of the soil samples was done in a fume hood to reduce exposure of
contamination. When ready, a sample was taken out of the refrigerator and by tapping the
mesocosm lid to the edge of a table, popping off the lid. The soil column was then taken out
of the mesocosm and into the fume hood on a plastic cutting board. Each sample was cut with
a knife into three different parts; upper, middle and lower part of the soil column to analyse
soil distribution. A sub sample of each part was taken out, grinded and crushed with a metal
sieve and then a mortar and pestle to homogenise the soil sample without pebbles, roots and
other apparent plant material. Approximately 2 g from each sub sample was weighed on a
Mettler Toledo Standard ICS425 Scale in a 15 ml Falcon tube. Exact weight was noted down
and the vial stored dark and frozen ( -18°C) until freeze drying. Excess soil from each
segment was put in individual labelled plastic bags and put back in to the freezer. Between
each soil sample preparation, the cutting board, knife, metal sieve and mortar and pestle was
washed with dishwasher soap and dried before cleaned with an ethanol based surface

disinfectant. This was done to prevent contamination between samples.
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2.7.2 Freeze drying process

Approximately 3 hours prior to the freeze drying the soil samples, a pre-treatment of
elements, such as vacuum hood, product shelves and a metal plate, of Leybold-Heraeus GT2
Freeze Dryer were put in a freezer (-18°C). This was done to keep the sample temperature
low enough during the process to avoid changes in the dried product appearance and
characteristics. A start-up of the Leybold Vakuum GmbH vacuum pump was also initiated.
The soil samples in the Falcon tubes were then stored in the product shelves on top of the
metal plate, the lids of the Falcon tubes were taken off and then the samples were freeze dried
for 24 hours. A process that removes ice and other frozen solvents through sublimation
(removing the ice crystals from the soil) and removal of bound water molecules through the
process of desorption. This way of dry storage is useful where the catalytic efficiency can be

increased by 5 to 20 times preserving the chemical for further studying.

2.7.3 Chemical analysis

Soil samples were analysed to examine the measured content of imidacloprid (ng/g per
sample). The analyses were performed by collaborators at the Norwegian Institute of Water
Research (NIVA) and the following procedure of chemical analysis of soil samples has been
described in detail in Sengupta et al., (2021) and can be found in Appendix C. Here only a

shortened version of the analysis will be described.

After the freeze drying process was completed, each samples was then preserved in darkness
at -18°C prior to the high-performance liquid chromatographic—mass spectroscopic analysis
of the imidacloprid content in soil. The homogenised soil (10 — 30mg) samples was weighed
and added to a 15-mL tube. Prior to extraction of the content, samples were spiked with
solutions and filtered before a liquid chromatography was performed on an Acquity BEH C18
column (1.8 pm, 100 x 2.1 mm; Waters). This was done by using an Acquity UPLC module.
The UPLC system was coupled to a Xevo TQ-Standem mass spectrometer operating with an
ESI interface. Screening of imidacloprid was performed with multiple reaction monitoring in
positive ionization mode. The limit of detection of 0.1 ng g~! imidacloprid was estimated to
be 3 times the signal-to-noise ratio using spiked control samples. Due to economic and time-
related issues only a few soil samples were analysed. The bottom and middle soil layers for

May, treated with 0.1, 0.5 and 2.5 mg/kg, was not analysed.
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2.8 Statistical analysis

All statistical analyses were performed using the statistical software R (version 4.0.3, the R
Foundation for Statistical Computing 2016) and by using RStudio (version 1.2.5033). Raw
data was processed in Microsoft Excel (version 16.49) for Mac. Figures were created using
both RStudio and Microsoft Excel. An overview of the packages and the usage of these

packages done in RStudio are shown in Table 1.

Table 1: Overview of the packages applied in R to do the statistical analysis of the data from the experimental
design and the abundance of springtails and mites. The overview does not include the default packages that
comes with R.

R-package Citation Use

ggplot2 (Wickham., 2016) Data visualisation

drc (Ritz et.al.,2015) Analysis of Dose-Response Curves

dplyr (Wickham et.al., 2020) Reordering dataset

nime (Pinheiro et.al.,2019) Comparing linear and nonlinear mixed-effects models.
tidyr (Wickham., 2020) Reordering dataset

vegan (Oksanen et al.,2019) Diversity analysis

The primary focus of the different analyses was to test whether the imidacloprid treatment,
together with the watering regime, had an effect on the abundance of springtails and mites in
the sampled soil cores over time. A second focus was to measure how that effect changed
over time with respect to month. When possible, all groups were treated the same before

statistical analysis. The statistical significance level was set to be p<0.05.

2.8.1 Data for exposure regime and biological response

For the analysis, each mesocosm was treated as the unit of replication. All model fits were
checked using Residual vs. Fitted-, QQ-, Scale-location- and Residual vs. Leverage-plots.
Correlations and differences between explanatory parameters in each dataset were checked
and visualised using scatterplots, boxplots, correlations coefficients and variance inflation

factors. Datasets for imidacloprid concentrations and abundance were assessed to meet the
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assumptions of normality and homogeneity of variance with Shapiro Wilk’s test (Shapiro and
Wilk, 1965). When testing differences between more than two groups (e.g. groups of
springtails), a one-way analysis of variance (ANOVA) was performed when the assumptions
of normality and homogeneity were met. If they were not met, the cause for non-normality
was determined, and a Wilcoxon signed-rank test was applied. Wilcoxon analysis is a non-
paracontinuous-level test, meaning that it tests whether the difference between two
observations has a mean signed rank of 0, and not requiring a special distribution of the
dependent variable in the analysis (Wilcoxon, 1945). This was done by creating a pooled
ranking of all observed differences between the two dependent measurements, and Wilcoxon

uses the standard normal distributed z-value to test for significance.

The response variables consisted of the total abundance of F.quadrioculata, springtails and
mites at each treatment type (Table 2). When addressing the effects of imidacloprid on
abundance, it was expressed on the basis of nominal soil concentrations. A dose-response
curve was analysed applying a general model fitting function with a non-linear regression
model. A 95% confidence interval was also applied using a linear mixed-effects model
estimating parameters between the upper and lower limits, this was done to detect a reduction
or increase in abundance. A mixed effect model was also fitted to address how the different
parameters that was counted varied with the imidacloprid concentrations.. The fixed effects
was set as concentrations of imidacloprid and sampling time to see how the effect varied over
time, while blocks was set as random effects. The mixed-effects model was applied using the
function Ime, specifically to specify the random components and to get p-values and

determine statistical significance. (Laird and Ware, 1982).

As there were no F. quadrioculata counted in the control samples in May the datasets for
dose-response and mixed-effects model was manipulated by plotting 20 individuals of
F.quadrioculata in the samples from May. This was done to make the first sampling time

May, as a reference point throughout the model fitting.
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Table 2. Overview of the three explanatory variables used in the statistical analysis

Explanatory variable Biological response Exposure regime
. A numeric variable with five values: 0, 0.02, A numeric variable with five values: 0, 0.02,
Concentration
01,0525 0.1,05,25
A numeric variable describing days of A numeric variable describing days of
Sampling month exposure from beginning and end of the ~ exposure from beginning and end of the
experiment experiment
Waterin A chategorical variable describing the A chategorical variable describing the
9 different watering blocks (Yes/No) different watering blocks (Yes/No)
2.8.2 Model selection

Model selection was applied to derive the best-fitted model for each data set. Model selection
included the most complex model, containing all parameters relevant for the model and
simpler models (Table 2). Akaike’s Information Criterion (AIC) was used to evaluate and
compare the best fit model for the data by distinguishing among a set of possible models
describing the relationship between concentration and groups of organisms. AIC determines
the relative information value of the model using the maximum likelihood estimate and the
number of independent variables in a model. The best-fit model, carrying the lowest AIC,
included every parameter with no interaction effect. For the dose-response curves, the built-in
model functions in the R-package drc was applied (Table 1). These models are parameterised
by using unified coefficients for denoting the steepness of the dose-response curves, the lower
and upper asymptotes and the limits of response (Ritz et al., 2015). Within the drc-package a
four-parameter log-logistic was used, where the parameters are based on the maximum
likelihood-principle (MLE), and 3-parameter Weibull. MLE estimates the parameters of a
probability distribution by maximizing a likelihood function, which means that under the
assumed statistical model the observed data is most probable. The Weibull distribution is a
continuous probability distribution reflecting the steepness of the dose—response curve with
large values corresponding to steeper curves (Ritz, 2010). A single dose-response model is
then fitted based when a number of plausible candidate models have been identified and the

model-averaging approach is adopted.
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As ANOVA does not assume correlated errors with multiple measurements per subject, a
mixed effects model will estimates the effects of one or more explanatory variables on a
response variable. Mixed models uses both fixed and random effects that correspond to a
hierarchy of levels with the repeated, correlated measurement occurring among all of the
lower level units for each particular upper level unit (Seltman, 2014).The within-group errors
are allowed to be correlated and/or have unequal variances and a fitted mixed model provides
straightforward predictions for unseen levels of random-effect factors. The output of a mixed
model will give you a list of explanatory values, estimates and confidence intervals of their

effect sizes, p-values for each effect, and at least one measure of how well the model fits.
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3 Results

3.1 Watering treatment compared to rainfall

The total amount of added water in the watering treatments during the experiment had no
effect on imidacloprid concentrations or abundance compared to the natural rainfall which all
treatments were exposed to (Figure 11). From the beginning of the experiment (16.05.2019)
until the start of June, there was a total rainfall of 82 L/m?, which resulted in the water
treatment added being only ~4 % on the rainiest days. The total added water was only 9 % of
the total precipitation and not 20 % as estimated a priori. June had a total precipitation of 126
L/m? where the water treatment amounted to only 11 % of the total rainfall that month. In
comparison July had less rainfall with 52 L/m? and water treatment being 30 % of the
precipitation. August had a total of 1 L/m? precipitation the following days before the end of
the experiment, and the blocks for water treatment in August were watered with a total of

2.25 L/m?.
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Figure 11. Histogram showing the daily amount of natural rainfall (blue bars) and the amount of water treatment (red
stapled bars) that was applied every third day. Y-axis shows the amount of precipitation in mm and the x-axis shows
the timeline (in weeks and months) of the experiment
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No difference in moisture content in the soil samples between the watering blocks was found
in June (mean moisture content in both blocks = 59%) or August (mean moisture content in

both blocks =23%) (Appendix B).

3.2 Imidacloprid exposure regime — time and soil layer

Surface layer

The nominal and measured soil concentrations of imidacloprid at start, middle and end of
experiment, as well as in each soil layer are presented in Table 3. No effect was found
between the watering treatment and the total abundance of all groups of springtails and mites
in the control samples in June and August (p> 0.05). There were also no effect between the
watering treatment, the abundance and the nominal concentrations of imidacloprid (p> 0.05)
in the topsoil layer (Appendix D and E). As a consequence of the results from the watering
treatment being affected by the total natural rainfall for the different concentrations of
imidacloprid as well as having no clear pattern on the abundance of soil organisms during the
experiment, the scope of this thesis has been narrowed to only include the effects of the

different concentrations of imidacloprid.

Leaching to lower layers

An overall decrease over time in each soil layer for the measured concentrations was
observed. May was found to consistently have the highest measured concentrations in the top
soil layers for each nominal concentration, with the exception of one sample treated with 0.1
mg/kg imidacloprid (Table 3). A few samples in May was also found to have a higher

measured concentration than the initial nominal concentration.

A reduction (50 %) was observed between May and August in the top soil layer at the
nominal concentration 0.02 mg/kg. For the nominal concentration 0.5 mg/kg a relatively low
reduction in concentration was observed in the top soil layer from May to June (32 %), and a
slightly higher reduction from June to August (46 %). At the nominal concentration 2.5 mg/kg
a reduction in concentration was seen from May to June (66 % and 65 %) with June to

August having the lowest reduction of all samples observed (13 %).
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Residues of the nominal concentrations (with the exception of the controls and 0.02, 0.1, 0.5
mg/kg, Table 3) was found in the bottom soil layers in June and August for the measured
concentrations. Comparing the measured with the nominal concentration 2.5 mg/kg, the
highest measured concentration for a bottom soil layer was found in June, having a hight
reduction (70%) from the initial exposure. Within the same nominal concentration, the
reduction in a bottom soil layer between June and August was also found to be high (94 %)
(Table 3). The highest measured concentration in a bottom soil layer was seen in August at

the nominal concentration 0.5 mg/ kg imidacloprid (64 % reduction in concentration).

3.3 Biological response to imidacloprid exposure

Below only the results form the final (best) model from the model selection are presented.
The overall variance in the abundance of springtail species and groups differed among
treatments, as shown by the standard deviation values listed in Table 4, with two significant

numbers and reduction in abundance shown with a 95% confidence interval (CI).

Table 4. Table showing the overall variance in the abundance of springtail species and groups differed among
treatments. Results are given from a mixed effect model. Fixed effects are sampling time * imidacloprid
concentrations. Random effect is set as block. Significant numbers are highlighted with grey.

Random effect = Block
Response Fixed effect  Value DF t-walue p-value StdDev Residual
F. quadrioculata Junex0.02 -0.553 210 -1.333 0.183 |0.506 0.829
June x 0.1 -0.335 210 -0.815 0.420
June x 0.5 -1.039 210 -2.506 0.013
June x 2.5 -1.732 210 -4.306 <0.001
Augustx0.02 -0.210 210 -0.506 0.613
Augustx 0.1 -0.338 210 -0.815 0.416
Augustx05 -1.167 210 -2.813 0.005
Augustx25 -1.732 210 -4.175 <0.001

Surface dwelling Junex0.02 0235 210 0.654 0513 |0.239 0.718
June x 0.1 -0.168 210 -0.468 0.639
June x 0.5 0.015 210 -0.044 0.964
June x 2.5 -0645 210 -1.795 0.074
Augustx 0.02 -0.302 210 -0.842 0.401
Augustx 0.1 -0.031 210 -0.086 0.931
Augustx 0.5 -0.246 210 -0.685 0.493
Augustx25 -0641 210 -1.756 0.081
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Table 4 Continued. Table showing the overall variance in the abundance of springtail species and groups
differed among treatments. Results are given from a mixed effect model. Fixed effects are sampling time x
imidacloprid concentrations. Random effect is set as block. Significant numbers are highlighted with grey.

Random effect = Block

Response Fixed effect  Value DF t-value p-value StdDev  Residual
Litter dwelling Junex0.02 0.336 210 -0.948 0.343 |0.503 0.718

June x 0.1 -0.384 210 -1.086 0.278

June x 0.5 0.941 210 -2657 0.008

Junex 2.5 -1.943 210 -5515 <0.001

Augustx0.02 -0.080 210 0.226 0.821

Augustx 0.1 -0.154 210 -0.436 0.662

Augustx05 -0.713 210 -2.012 0.045

Augustx25 -2019 210 -5.700 <0.001
Soil dwelling Junex0.02 -0.773 210 -1.579 0.115 |0.690 0.979

June x 0.1 -1.746 210 -3.567 <0.001

June x 0.5 -2068 210 -4.223 <0.001

Junex 2.5 -2.569 210 -5.246 <0.001

Augustx0.02 -0.316 210 -0.654 0.519

Augustx 0.1 -0.769 210 -1.571 0.117

Augustx05 -1.831 210 -3.740 <0.001

Augustx25 -2.885 210 -5.246 <0.001

N

Mites Junex0.02 0094 210 0313 0.754 (0638 0.605

June x 0.1 -0.271 210 -0.895 0.371

June x 0.5 -0.212 210 -0.702 0.483

June x 2.5 0.119 210 0.394 0.693

Augustx0.02 -0.128 210 -0.424 0.671

Augustx 0.1 -0.067 210 -0.223 0.823

Augustx 0.5 -0.220 210 -0.728 0.467

Augustx25 -0.170 210 -0.561 0.574
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3.3.1 Effects of imidacloprid on Folsomia quadrioculata

Overall, the abundance of F. quadrioculata had a concentration-dependent increase over time
(Figure 12). A higher number of F.quadrioculata was counted in the mesocosms with added
individuals compared to the corresponding control samples. The highest increase in
abundance was seen through the entire experiment at 0.02 and 0.1 mg/kg, specifically. One
outlier was found at 0.5 mg/kg in June and 0.1 mg/kg in August with a large increase in
abundance (Figure 12). Due to the large variation of the data set, a dose-response curve based
solely on F.quadrioculata was not viable. However, an increase and reduction in number of
individuals with a 95 % CI was obtained, showing which concentration of imidacloprid

affected F. quadrioculata the most throughout the experiment.
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Figure 12. Scatterplots showing responses in abundance at each imidacloprid concentration for F.
quadrioculata over time. Each plot represents concentrations of imidacloprid and the number of
individuals counted per sample. Number of individuals in May is manipulated to be the added n = 20.
Y-axis for all plots show the total number of individuals counted, x-axis show the time in months.

Number of individuals per concentration are shown in different colours. Specific values are presented in
Table 4.
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Figure 13. Line chart presenting the mean number of abundance between each treatment per month of F.
quadrioculata from start of the experiment in May. Number of individuals at start of the experiment is
manipulated to be the added n = 20. Y-axis show the total number of individuals, x-axis show the time in
months. Significant numbers in abundance reduction are shown in %.

The concentrations 0.5 and 2.5 mg/kg was found to have the highest impact on the abundance
of F. quadrioculata (Table 4). For June a significant effect on abundance of imidacloprid
concentrations was found at 0.5 (p-value = 0.013) and 2.5 mg/kg (p-value< 0.001) (Table 4
and Figure 13). A significant reduction in abundance was observed at 0.5 mg/kg (95% CI = -
0.85,-0.26) and 2.5 mg/kg (95% CI =-0.90,-0.53). A significant effect of imidacloprid
concentrations on the total abundance was also found in August at 0.5 (p-value = 0.005) and

2.5 mg/kg (p-value< 0.001). A significant reduction was observed at 0.5 mg/kg (95% CI = -
0.79, -0.54 ) and 2.5 mg/kg (95% CI =-0.93, -0.64) (Figure 13).

3.3.2 Effects of imidacloprid on springtail communities

Overall, the total number of springtails was reduced by the increasing concentrations of
imidacloprid (Table 4). At the highest imidacloprid concentration 2.5 mg/kg, a specifically
consistent and significant decrease in the total number of springtails in June and August was

observed.
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Surface dwelling springtails
The highest density in abundance of springtails was found in June at all concentrations (with

the exception of 2.5 mg/kg), specifically in the control samples and the samples with low

concentrations, 0.02 mg/kg imidacloprid (Figure 14). For June a close to significant effect of

imidacloprid concentrations was only found at 2.5 mg/kg (p-value =0.07) and having no
significant reduction in abundance (Table 4). For August an effect of imidacloprid was also
only observed at 2.5 mg/kg (p= 0.08). A significant reduction in abundance was observed at
0.02 mg/kg (95% CI =-0.66, -0.81) and 0.5 mg/kg (95% CI =-0.76, -0.17), having a higher
reduction in abundance compared to June (Figure 15). One outlier with a high number of

individuals was seen in June at 0.02 and 0.5 mg/kg (Figure 14).
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Figure 14. Scatterplots showing responses in abundance at each imidacloprid concentration for surface dwelling
springtails over time. Each plot represents concentrations of imidacloprid and the number of individuals counted

per sample. Y-axis for all plots show the total number of individuals counted, x-axis show the time in months.
Number of individuals per concentration are shown in different colours. Specific values are presented in Table

4.
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Figure 15. Line chart presenting a mean number of abundance at each treatment (0, 0.02, 0.1, 0.5 and 2.5
mg/kg) per month of surface dwelling springtails from start of the experiment in May (control mean n = 46).
Y-axis show the total number of individuals, x-axis show the time in months. Close to significant numbers in
abundance reduction are shown in %.

Litter dwelling springtails

A higher abundance of litter dwelling springtails was found in June, with the exceptions of a
few outliers in August at the control groups and 0.02, 0.1 and 0.5 mg/kg imidacloprid (Figure
16). However, there was a negative relationship between increasing concentrations of

imidacloprid and the overall abundance within the concentrations 0.5 and 2.5 mg/kg dry soil

(Table 4).

Within the samplings in June, an effect of imidacloprid was found at 0.5 mg/kg (p= 0.008)
and at 2.5 mg/kg (p-value < 0.001). A significant reduction in abundance was only observed
at 2.5 mg/kg (95% CI =-0.94, -0.77) (Figure 17). Compared to June, August was found to
have an overall higher reduction in abundance, specifically at 0.5 mg/kg (p-value= 0.045,

95% CI=-0.72,-0.11 ) and 2.5 mg/kg (p-value< 0.001, 95% CI =-0.95, -0.80).
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Figure 16. Scatterplots showing responses in abundance at each imidacloprid concentration for litter dwelling springtails
over time. Each plot represents concentrations of imidacloprid and the number of individuals counted per sample. Y-axis
for all plots show the total number of individuals counted, x-axis show the time in months. Number of individuals per
concentration are shown in different colours. Specific values are presented in Table 4.
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Figure 17. Line chart presenting a mean number of abundance at each treatment (0, 0.02, 0.1, 0.5 and 2.5 mg/kg)
per month of litter dwelling springtails from start of the experiment in May (control mean n = 63). Y-axis show
the total number of individuals, x-axis show the time in months. Close to significant numbers in abundance
reduction are shown in %.
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Soil dwelling springtails

The highest density in abundance of soil dwelling organisms was found in the control samples
as well at 0.02 mg/kg, with the exception of an outlier at concentration 0.1 mg/kg in August
(Figure 18). Overall, a lower abundance of organisms was observed with the increasing
concentrations of imidacloprid in both the sampling in June and August. However, August
was found to have a higher number of soil dwelling springtails (Figure 18 and 19). For June a
reduction in abundance when exposed to imidacloprid was found at 0.1 mg/kg (p-value<
0.001, 95% CI = -0.94, -0.35). Effects were also found within the concentrations 0.5 mg/kg
(p-value< 0.001, 95% CI =- 0.95, -0.73) and 2.5 mg/kg (p-value< 0.001, 95% CI =-0.97, -
0.83) (Table 4).

In August at significant decrease in abundance of soil dwelling organisms was observed at
both concentrations 0.5 mg/kg (p-value< 0.001, =-0.96, - 0.80) and at 2.5 mg/kg (p-value<
0.001, 95% CI =-0.98, - 0.90).
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Figure 18. Scatterplots showing responses in abundance over time for the soil dwelling springtails within the
different imidacloprid concentrations. Each plot represents concentrations of imidacloprid and the number of
individuals counted per sample. Y-axis for all plots show the total number of individuals counted, x-axis show
the time in months. Number of individuals per concentration are shown in different colours. Specific values are
presented in table 4.
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Figure 19. Line chart presenting the total number of abundance between each treatment per month of soil
dwelling springtails from start of the experiment in May (control mean n =33) and within different treatments
of imidacloprid (0, 0, 0.02, 0.1, 0.5 and 2.5 mg/kg). Significant change in abundance is shown in %. Y-axis
show the total number of individuals, x-axis show the time in months

3.3.3 Effect of imidacloprid on mites

The effect of imidacloprid were calculated for mites at the different concentrations, and the
imidacloprid regime was found to have no detectable effect on the total abundance of mites
(Figure 20). A higher lower abundance of mites were in June. However, the abundance

increased in August, and all p-values at each concentration in each month were found to be

above a significant value (p> 0.05) (Table 4 and Figure 20 and 21).
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Figure 20. Scatterplots showing responses in abundance over time for mites within the different imidacloprid
concentrations. Each plot represents concentrations of imidacloprid and the number of individuals counted per
sample. Y-axis for all plots show the total number of individuals counted, x-axis show the time in months.

Number of individuals per concentration are shown in different colours. Specific values are presented in table 4.
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Figure 21. Line chart presenting the total number of abundance between each treatment per month of mites
from start of the experiment in May (mean n = 103) and within different treatments of imidacloprid (0, 0,
0.02, 0.1, 0.5 and 2.5 mg/kg). Significant change in abundance is shown in %. Y-axis show the total
number of individuals, x-axis show the time in month
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3.4 Species composition of the soil community

A total of 55 289 invertebrates were collected, counted and classified from the soil cores.
Across samples, the invertebrates collected represented 12 unique soil and other taxa
(Appendix F). The distribution of springtails differed between samples where three of the
springtail families Isofomidae (typically litter dwelling species), Onychiuridae (typically soil
dwelling dwelling) and Hypogastruidae (typically surface dwelling), where widely distributed
in the study site and found in almost all samples counted. Isofomidae being the most
dominant, where the counted F. quadrioculata consisted of 3 % of the total Isotomidae.
Hypogastruidae was present in all 208 samples counted. Springtails (57 %) and mites (39%)
where the most common groups of animals found across all samples (Figure 22). In this study
a total of 10 families of springtails were identified.
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Figure 22. Bar chart showing the total abundance of the most abundant springtail groups including F.
quadrioculata, mites and other taxa of soil invertebrates sampled during the experiment. The abundance of
organisms are shown per imidacloprid concentration (mg/kg dry soil) for each month. X-axis shows
concentration and time and y-axis shows total number of organisms. Families of other taxa are pooled
together and all organisms are represented in individual colours.
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4 Discussion

The overall aim of this study was to determine how the abundance of species is affected by
the neonicotinoid imidacloprid under a future climate with reduced precipitation and
increased drought. This was done through analysing the change in total abundance of groups
of springtails and mites from May to August after exposure to imidacloprid, with half the
blocks watered in addition to the natural precipitation. Due to a rainy start on the summer
season, the watering treatment was difficult to assess as the added water constituted only a
small percentage of the total natural rainfall, and as a consequence it had no prominence on
the experiment. The overall results from the exposure to imidacloprid show that there is a
negative relationship between the abundance of springtails over time with increasing

insecticide concentration, and no effect on the abundance of mites.

4.1 Exposure regime

The present study aimed to create a field realistic situation by having intact soil fauna in
closed mesocosms to extrapolate lab to field results as well as adding two environmental
stressors. Assessing the effects of toxic compounds in soil, especially under naturally varying
environmental conditions, can be a challenging procedure. However, by having controlled
systems that simulate realistic field conditions, the efforts of measure and understanding
exposure is made easier. Recreating natural soil fauna in mesocosms is an appropriate test
system to investigate the impact of pesticides on the abundance of a soil community and the
biodiversity, representing both the complexity of a biological community as well as the

ecological realism (Schéffer et al., 2008).

4.1.1 Watering treatment

A simulated decrease in precipitation in addition to imidacloprid exposure was expected to
have a negative impact on the overall abundance of springtails and mites, with the assumption
that an altered water content in soil may influence the persistency of pesticides and hence the
toxicity to soil fauna. As imidacloprid degradation is reduced in dry soil condition compared
to wet soil (Bonmatin et al., 2015), it was expected that the imidacloprid concentrations were
higher in the blocks without additional watering. Imidacloprid is known to leach more rapidly
through soil columns, and persistence is highest under dry conditions especially in soils with

high organic matter (Bonmatin et al., 2015). Contrary to the expectations (H1) there were no
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effect observed from the watering treatment due to the increased natural rainfall during the
experiment. Additionally, the amount of water added in the blocks with watering treatment
had no effect on the soil conditions in the experiment, especially on the first six experimental
weeks. During these first six weeks of the experiment, an extreme weather warning was
announced twice by the Norwegian Meteorological Institute. There were several days of
heavy rainfall in the beginning of the experiment. The watering treatment that was added in
May amounted to only 9 % of the natural rainfall instead of the expected 20%, while in June
the watering treatment was 11% of the natural rainfall. Although the natural rainfall decreased
towards the end of the experiment, with a drier period in the last 6 experimental weeks and
where watering treatment amounted to 30% of the natural rainfall in July, the timeline to see
an effect of drought would probably have been too small. As a consequence, the watering

treatment did not have an effect on the soil moisture.

Watering on the abundance of organisms

The lack of effect of watering was contrary to the expectations (H1) on the abundance of the
soil community inspected. A lower abundance of F.quadrioculata and groups of springtails
was expected at the blocks having no water treatment, especially in the samples with higher
imidacloprid concentrations, but no difference was observed in neither. The watering
treatment on mites showed no effect on abundance and are thus in line with the expectations
(HS). As there were no difference in water content in the samples (Appendix B), the
possibility of there not being any changes in soil humidity as a result of the watering
treatment and the amount of natural rainfall is high. Although this hypothesis has not been
tested. As a consequence it is reasonable to conclude that the watering did not have an effect
on the abundance of the soil microarthropods. It is also reasonable to believe, based upon the
calculation on the watering treatment, that a difference between the treatment blocks would

have been observed if the rainfall had been within the average ranges of precipitation.

The extent of a chemicals toxicity, absorption, distribution, metabolism and excretion, is
highly dependent on the exposure route (Fu et al., 2013) and a soil pesticide dynamic and its
toxic potential can be affected by reduced soil moisture content (van Gestel, 2012;
Ogungbemi and van Gestel, 2018; Bratlio Hennig et al., 2020). Water availability is critically
important to the survival of springtails, and as a chemical’s bioavailability is affected by
environmental conditions, the uptake of a toxicant may be severely modified by climatic

drivers (van Gestel and Diepen, 1997; Biswas et al., 2018). Since water affects an important
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role in mobility of chemicals, the moisture of soil will be subsequent for the mobility of
imidacloprid (Schroll et al., 2006). However, since the findings in the present study are not
consistent with the expectations sat by a priori, the lack of the watering treatment will not be

further discussed.

4.1.2 Imidacloprid analysis

As imidacloprid is known to have moderate mobility in wet soil, the concentration in the top
soil layer was expected to be reduced throughout the experiment. The expected assumptions
of imidacloprid behaviour, as found in other studies (Selim et al., 2010; Yadaw and
Watanabe, 2018), included a higher measured concentration in the top soil layers at the start
of the experiment and a decrease in concentration over time. Another behaviour was the
persistency of imidacloprid in soil where the compound’s residues was predicted to remain at
low levels for more than 60 days (Sharma and Singh, 2014; Simon-Delso et al., 2015). A low
variation in the data made it difficult to run statistical analysis to obtain a possible significant
effect, and as result the analysed samples did not support the expectations set to the
decreasing concentrations and the persistency of concentrations and soil depth. However, the
overall concentrations measured at each imidacloprid treatment in August in the top soil
layers were lower compared to June and May. May had the highest measured concentrations,
specifically at the nominal concentration 2.5 mg/kg, with a 75% decrease in top soil layer
concentration from May to August. These results may indicate a leaching in to the soil
column, as imidacloprid residues were present in all the analysed soil layers. Imidacloprid has
moderate mobility in soil, and even if mobility is dependent on moistures and types of soils,
the concentrations of imidacloprid is found to increase with soil depth (Selim et al., 2010).
The measured samples at the highest imidacloprid treatments (0.5 and 2.5 mg/kg) had
relatively high concentrations in both the middle and lower soil layers. Approximately 30% of
the initial exposure had leached down to the bottom soil layers with ~10% of initial
concentration remaining in the soil. Additionally, the results from the analysis also showed an
indication of persistency, with residues of imidacloprid in soil layers 82 days after
application. Thus, the results are in line with the expectations (H2). An increase in soil depth
also causes a decrease in degradation efficiency of imidacloprid. Due to the sunlight not being
able to reach down in to the soil depth and hence the photocatalytic degradation will be absent

(Sharma, Toor and Rajor, 2015).

45



The decrease in concentration of imidacloprid is also dependent on abiotic and biotic
transformations, specifically by microbial activity and abiotic conditions such as light,
temperature, moisture, soil type (the texture of the soil and organic matter content) and pH.
However, since neonicotinoids can bind to soil particles and the same abiotic factors will also
be important for the compounds ability to persist and degrade (Jeschke and Nauen, 2008;
Wood and Goulson, 2017), it is natural to conclude that the indications seen in this study can
contribute to the findings on other studies on imidacloprid persistency in soil. Depending on
the factors previously mentioned, imidacloprids sorption increases with soil organic matter
content (Bonmatin et al., 2015), and imidacloprid has a relatively low absorption rate in

agricultural soil (Nemeth-Konda et al., 2002).

Imidacloprid was found in 7% of the top agricultural soil samples taken from different
locations in the EU at concentrations up to 0.06 mg/kg, which exceeds the predicted
environmental concentration (PEC) (de Lima et al, 2019). In this present study, the
imidacloprid concentrations in the bottom soil layer, after being exposed to 0.5 and 2.5
mg/kg, was 0.18 and 0.01 pg/g after 81 days. Imidacloprid and other neonicotinoids are found
in agricultural soils over more than a year after application, both with seed treatment and soil
spraying (Wood and Goulson, 2017). The potential for this compound to accumulate in soil
indicates that if applied more than once per year in agricultural fields its concentration might
increase and eventually reach high values of environmental concentrations for several species
of soil invertebrates. Degradation on soil surfaces can play an important role in the
environmental dissipation of imidacloprid and the compound exhibits a low soil mobility with
a negligible leaching potential (Selim, Jeong and Elbana, 2010). The indication of mobility
and persistency in soil found in this study correlates with results from other studies

(Kreutzweiser et al., 2008; Bonmatin et al., 2015; Simon-Delso et al., 2015).

4.2 Biological response

Understanding how anthropogenic stressors will influence the abundance of soil
microarthropods, biodiversity and patterns of toxicological fate is inherently difficult to study.
The way an ecological community reacts to changes in their environment is a complex
combination of numerous responses to the same environmental variation. The important
advantage of conducting a field study is that the effects of changes will be measured in natural

communities. Ecological theory predicts that a continued stress may result in poorer
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assemblages by filtering out the most sensitive species that again may lead to a shift in the
occupation of the functional space (Chase, 2007; Peguero et al., 2019). According to Pisa et al
(2015), insecticides have a significant impact on animal metabolism, affecting detoxification,

intermediary and energetic metabolism pathways, and therefore reducing biomass gain.

4.2.1 The response of Folsomia quadrioculata

F.quadrioculata abundance varied over the season depending on the imidacloprid exposure.
A lower abundance increase with increasing concentrations was observed and thus, it is in
line with the expectations (H3). This relationship was especially seen for the higher
concentrations ranging within 0.5 and 2.5 mg/kg in both the sampling months June and
August. In the control and low exposure concentrations (0.02 — 0.1 mg/kg) the abundance was
more constant with only a slow reduction towards the end of the experiment, indicating that
the imidacloprid levels were below the threshold for a longer period. Studies have shown that
a chronic low exposure to insecticides, often have the same effects in springtails as an acute
exposure (Jager et al., 2006; Liu et al., 2012). The results in the present study suggests that
long-term exposures to imidacloprid concentrations can have strong negative effects on the

abundance of F. quadrioculata in the field, even at low concentrations.

Sengupta et al. (2021) analysed the toxicity of imidacloprid to the life stages of F.
quadrioculata in laboratory experiments using dietary exposure over a timeline of 14 days.
They found that even the lowest concentrations causing toxic effect was 0.12 mg/kg dry
weight feed, that negatively affected the egg production. Concentrations at low environmental
concentration values (EC50) of imidacloprid caused a temporary stop of egg production. With
these results, the study suggested that F. quadrioculata reduces egg production after initiation
of exposure to imidacloprid in favour of channelling resources for maximising adult survival.
Although the study is not inherently similar to the present study, it does suggest adverse
negative effects when exposed to imidacloprid over time. In the present study the indications
of F. quadrioculata being tolerant to low concentrations of imidacloprid, having no
significant increase or decrease in abundance, may support Sengupta et al. (2021) claims on a
temporarily stop in egg production. However, in the field F. quadrioculata will be exposed to
several biotic and abiotic factors that can affect the organism’s responses compared to
laboratory surroundings. Despite that, studies shows that imidacloprid cause impairment of

movement in other soil arthropods and earthworms (Desneux, Decourtye and Delpuech, 2006;
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Dittbrenner et al., 2011), that may lead to a reduced foraging ability which again increases
susceptibility for predation (Sengupta et al., 2021). However, other studies have shown that
the effect of concentrations in soil may be lower than those in food, probably because of the
lower availability of chemicals in the high organic food compared to the low organic soil (de
Lima e Silva, 2020). Similar studies done on imidacloprid suggests that when exposed to
concentrations above 0.12 mg/kg during long periods, depending on the application mode,
litter dwelling springtail species, like F.quadrioculata, may become extinct (de Lima e Silva

etal., 2017).

In environmental risk assessment it is common to use the most sensitive species when
assessing a compounds toxicity, mainly to enable protection of a broader range of species
(OECD, 2016). However, based upon the findings in this present study, F.quadrioculata may
be a good indicator when questions such as invertebrate sensitivity to imidacloprid are asked.
Especially when exposure of imidacloprid can be correlated to what ecological niche the soil
microarthropods inhabit. F.quadrioculata it is a species with a wide geographical distribution
found across a broad climatic gradient (Hopkin, 1997). F.quadrioculata’s geographical range
may also reflect the wide variation human impact has on their environment and as followed a
more ecological relevant species The present study found a reduction of 84% of the
abundance of F.quadrioculata at 2.5 mg/kg between May and August, after being exposed for

over 80 days, which suggests adverse effects on population recruitment and viability.

4.2.2 The responses of the springtail community

As expected (H4), the overall springtail abundance was reduced in a concentration-dependent
manner, having a negative effect to increasing concentrations to imidacloprid. The findings
were thus in line with other studies and done on the abundance, reproduction and overall
fitness and survival when exposed to neonicotinoids (Peck, 2009; de Lima e Silva et al.,
2021). However, the responses in abundance differed with treatments and distribution with
soil depth and in line with the expectations (H4), the toxicity of imidacloprid had a higher
effect on the most sensitive species in the litter layers and soil depth. Results in the present
study found soil dwelling springtails to be the most sensitive to imidacloprid especially when
compared to the litter and surface dwelling springtails, who only showed an intermediate
sensitivity at the highest concentrations. The abundance of springtails in the control groups

were more or less constant throughout the experiment. The distribution of chemicals in soil is
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heterogeneous, and as an important biological aspect chemicals will often accumulate in the
topsoil layer leading to a depth-related concentration gradient (van Gestel, 2012). Depending
on the habitat and mobility of organisms, and the fact that springtail species show different
strategies to tolerate climatic and environmental stress, they may be more or less exposed to

chemicals present in their environment (Hopkin, 1997; van Gestel et al., 2017).

Over time the litter dwelling springtails, compared with the surface dwelling, had a higher
percentage of reduction in abundance. A possible component of a higher abundance of surface
dwelling springtails can be the degradation efficiency of imidacloprid being affected with the
soil depth decreasing light intensity (Sharma, Toor and Rajor, 2015). Pesticides can directly
or indirectly influence populations of surface dwelling arthropods (Desneux et al., 2006).
Springtail species that are more surface active are more exposed to changes in their
environment and as a result more adapted to rapid intensive disturbances (Zaller et al., 2016;
Saifutdinov et al., 2020). Due to a constant changing environment, arthropods that live in the
upper litter often have the tendency to move about to forage and avoid predation, and thus are
more likely to be less affected by chemicals by being less sensitive (Peck, 2009). However,
studies have also imidacloprid to be toxic to reproduction for surface dwelling springtail
species when exposed to imidacloprid through soil, and over time (De Lima e Silva et al.,
2021). A reduction in abundance was seen at the surface dwelling springtails at 0.02 mg/kg
imidacloprid, indicating adverse effects to a chronic low exposure. In this present study the
species of springtails was kept in their natural habitat during the duration of the experiment,
since the litter dwelling species spend their life cycle part in the soil and part on the surface, it
is possible they have spent more time on the soil surface and in this way avoided contact with
imidacloprid. These findings are also consistent with the responses of F. quadrioculata in this
present study, although a less mobile species it lives both within the litter and soil, and

reductions in abundance was also only found at the concentrations 0.5 and 2.5 mg/kg.

In this present study, there were a large variation in density of soil arthropods over short
distances. The few outliers found in June at 0.5 mg/kg with a very high density of surface
dwelling springtails could be explained by top-down processes. The sudden abundance of
springtails can be due to a higher absence in predatory mites and other predatory soil
invertebrates, and as a consequence lead to an increase in surface dwelling springtails (Bitzer
et al., 2005; Frampton and van den Brink, 2007). Although the mites were not identified by

species, a total abundance of mites were found to be lower in June at all concentrations. The
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highest abundance of surface dwelling springtails belonged to Hypogastruidae, which are
highly pigmented and mobile species. However, this hypothesis has not been tested in the

present study.

In line with the available previous studies (Sverdrup et al., 2002; Schnug et al., 2014;
Ogungbemi and van Gestel, 2018), and H4, soil dwelling organisms was found to be more
affected by the neonicotinoid imidacloprid. The decrease in abundance within soil dwelling
springtails was considerately higher than the other groups of springtails, having the largest
reduction in abundance at the highest concentrations of imidacloprid. The results were also in
line with the analysis done of imidacloprid in the soil column, and also consistent with
previous studies on the behaviour of imidacloprid in soil (Selim et al., 2010). The expectancy
of a decrease in imidacloprid degradation efficiency due to soil dept is high, and may be
reflected in the responses of the soil dwelling springtails. Species of soil dwelling springtails
tend to be less mobile than the surface and litter dwelling species (Hopkin, 1997), and with
imidacloprid leaching down in to the soil column, the organisms would be more exposed and
have difficulties avoiding contaminated areas. The exposure would specifically be through the
cuticle by direct diffusion of water and/or through diet by feeding on contaminated organic
matter in the soil (Hopkin, 1997; Sagnik et al., 2021; de Lima e Silva et al., 2021). A
reduction in abundance of soil dwelling species may also lead to a slowed down
decomposition rate being that the litter and surface dwelling species are responsible for
mineralisation of litter and regulation of microbial communities (Hopkin, 1997; Potapov et

al., 2016).

The overall decrease in abundance of springtails may be influenced by the fact that most
springtails lay their eggs in the soil to avoid predation and desiccation (Hopkin, 1997), by
doing so the eggs in contaminated areas will be in constant contact with the toxic compound
possibly affecting egg production and survival. Toxicant exposure strongly affects
reproduction in springtails (van Gestel et al., 2017), and a decrease in abundance may be
linked to the impact imidacloprid has on reproduction, affecting embryos, gametes and egg-
laying success and the overall organisms fitness (de Lima e Silva et al., 2021; Sengupta et al.,
2021). However, this hypotheses has not been tested in the present study. But, regardless of
the ecological niche between these groups of springtails, the neonicotinoid were toxic and

caused a loss in abundance over time at even low concentrations.
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Effects on populations over time

The resistance of a population to a disturbance may be reflected in different proxies such as
abundance, long-term abundance and relative abundance in disturbed parts of a habitat (Van
Straalen et al., 2005; van Gestel, 2012; Prinzing, Kretzler and Beck, 2016). The metabolic
pathways for imidacloprid presents many similarities between insects and soil dwelling
arthropods, having serious and profound effects as toxic endpoints (Simon-Delso et al., 2015).
One of the factors responsible for a reduction in abundance is mortality, where a decrease can
be connected to a number of components that are not only lethal effects but the inability to

avoid contaminated areas (Lique et al., 2008).

Nevertheless, there is a link between increasing concentrations of imidacloprid and the overall
abundance of springtails. Similar to other studies done on non-target pollinators, an exposure
to imidacloprid caused a decrease in abundance at even low concentrations. A decrease in
abundance will have severe effects of the soil fauna composition. By reducing the variation
and diversity of species the soil food web may not be able to keep pests and diseases under
control and therefore no longer be regarded as a healthy soil community (Barrios, 2007;
Widenfalk et al., 2016). By comparing the results in this present study and other studies done
on F.quadrioculata, surface, litter and soil dwelling springtails, it is clear that imidacloprid
has strong negative effects on abundance when exposed to increasing concentrations over
longer periods of time. Similar to other studies done on non-target pollinators (Desneux et al.,
2006; Dittbrenner et al., 2011; Schnug et al., 2014; de Lima e Silva et al., 2017), an exposure
to imidacloprid caused a decrease in abundance at even low concentrations. Long-term
exposure to imidacloprid can have important impacts on the soil ecosystem, with possible
reduction of the offspring or the quality of the ecosystem services provided by these groups of

organisms. This may especially be the case for springtails.

4.2.3 Mites

No decrease in the overall abundance of mites was found in this present study and the
findings were thus consistent with the expectations (H5), and in line with the few available
previous studies which have found mites to be tolerant to certain insecticides (Szczepaniec et
al., 2011; Prinzing, Kretzler and Beck, 2016; de Lima e Silva et al., 2017). The nervous
system of the mites may be different from that of the insect target species, having n-AChr

subunits with lower affinity for substances like imidacloprid, which again requires higher
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dosages of these compounds to produce any toxic effects, but as stated in de Lima et al.,

(2017) this is an assumption that needs further investigation.

An overall lower abundance of mites was found in June at all concentrations, which can
indicate that some species of mites were particularly more susceptible to imidacloprid.
Previous studies have found differences in pesticide sensitivity and consequently affecting the
diversity of species of soil mites (Barbar, 2017; Kakoki et al., 2019). Resistance to a stressor
might differ among species due to different physiological mechanisms, where the effect of a
disturbance to a rare species may be intensified (Prinzing, Kretzler and Beck, 2016). The
response to a disturbance may also be reflected in a species susceptibility where surface
dwelling organisms are more exposed to a changing environment, and some species may also
profit from a disturbance as their competitors decrease (Van Straalen et al., 2005; Dhooria,
2016; Prinzing, Kretzler and Beck, 2016). However, the species and vertical distribution of
mites in this present study have been pooled together making it difficult to consider responses
on intraspecific differences between species of mites. Nevertheless, the results in this present
study show that the overall abundance of mites were not specifically affected by increasing

concentrations of imidacloprid over time.

As the ecosystem service of mites, springtails and pesticides are vital for efficient agriculture,
especially with a rapidly expanding world population, it is necessary to investigate whether
the insecticide is compatible with the ecosystem services of these organisms. Understanding
the effects of imidacloprid has on beneficial soil microarthropods is essential of making
evidence based decisions. The results from the present study give insight in how
microarthropods is affected by field realistic concentrations of imidacloprid.

A better understanding of the negative effects imidacloprid have on populations in soil
communities will be achieved by combining the results from this present study and the
knowledge from studies that have assessed the effects on the individual level. In view of
regulatory bodies like EPA are considering the continued usage of imidacloprid, the
uncertainty of the long-term effects of imidacloprid, and other neonicotinoids, only

emphasises the importance of understanding realistic exposure in the field.
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5 Conclusion

The overall aim of this study was to examine the effects of imidacloprid combined with an
environmental stressor in a microarthropod soil community during a season. However, results
in this present study showed that an added watering regime will have no impact on the joint
responses to imidacloprid and climatic variables in an already rainy season. Nevertheless, the
effects of climate change may lead to unpredictable weather and a focus on the effect on drier
seasons, soil conditions and the joint responses with neonicotinoids and soil organisms will

continue to be of a high priority.

The results of the neonicotinoid tested in this study were toxic to all species of springtails,
with an overall response of a reduction in abundance. This response may reflect the residues
of imidacloprid concentrations that persists in the soil column over time, specifically in the
lower soil depth. Moreover, the concentrations of imidacloprid that persist from a single
application indicate a real threat to populations of springtails. The effect of imidacloprid is
severe, and the sensitivity to the concentration levels used in this present study show how
springtail communities respond in a concentration-dependent manner, suggesting that the
higher the concentration, the more severe is the impact of imidacloprid. Nevertheless, there is
a link between the abundance of soil microarthropods and long-term exposure to increasing
imidacloprid concentrations. Although arthropods presents different sensitivity to
neonicotinoids even at high tested concentrations, the sensitivity to imidacloprid may be
linked to exposure route, the persistency of imidacloprid in the environment and genetic
affinity. The data presented in this study indicate that communities of soil microarthropods in
agricultural soils are already at high risk of exposure to concentrations of imidacloprid,

potentially affecting important soil ecosystem services.

The direct toxicity of neonicotinoids to non-target species warrants an evaluation of their
long-term impact on agricultural soils and also the surrounding ecosystems. Although the
toxic effect of imidacloprid do not inherently explain the difference in sensitivity among the
groups of springtails observed in this thesis, it helps by giving an understanding of the
possible effects this neonicotinoid might have on non-target species. An addition of an
ecological approach can be very useful when distinguishing the differences in sensitivity in an

endpoint
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The uncertainty connected to the effects of neonicotinoids on soil microarthropods emphasise
the importance of understanding the realistic exposure of these pesticides.

Since pesticides are vital for the needed growth in agriculture, the importance of
understanding the potential risks they pose on non-target organisms, especially on the species

providing ecosystems services to agriculture, will continue to be of exceeding interest.
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6 Future studies

A challenge of the present study was to obtain an effect of the watering regime, specifically
simulating drought. Future studies should continue the focus on predicted climatic changes
following pesticide application and the implication it may have on agroecosystems. Although
fieldwork was essential for the present study, it is advantageous to interpret and obtain similar
data in the light of laboratory experiments, supplemented with exposure regimes on water
content and imidacloprid. This could increase the knowledge on the causality of effects in

agricultural soil communities.

While the results of the present study contribute to the knowledge about neonicotinoids, the
low number of samples for analysing imidacloprid content in the soil also resulted in few
replicates per concentrations of imidacloprid for each soil layer. As a consequence it reduced
the opportunities for statistical analysis of the obtained data. The present study did therefore
partly present indications that were not backed by statistical significance, and nominal
concentrations may overestimate a compounds real toxicity. Future investigations are

necessary to validate the kinds of conclusions that can be drawn from this study.

Although important pollinators such as bumblebees have received much needed attention in
the scientific literature and media regarding neonicotinoids, these compounds are shown to be
toxic to other invertebrates such as important soil biota and aquatic insects. Studies done on
the functional group and composition of springtails and mites in agricultural soils are scarce,
and there is still insufficient knowledge on the species richness in their response to
disturbances in agroecosystems. While the results in the present study show the toxicity of
imidacloprid to soil microarthropods, a single compound applied once during a growth season
in the field is not a reality. Future research is needed to delimitate the mixtures of pesticides in
soil. Different pesticides are often added in different interval of applications, or one pesticide
may be applied several times during the same season. These mixtures and applications only
contributes to the complexity of the response soil microarthropods have to toxic compounds
and adds to the concern of imidacloprids negative effects. In addition, a development of a
better comprehensive analysis of imidacloprid and soil invertebrates might prove an important
area for future research. Specific information such as mode of application (foliar versus seed

treatment and soil spraying), use of natural soil and a better understanding of ecological
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niches of the soil invertebrates may be key components in understanding the effects of

imidacloprid and other neonicotinoids in the environment.

Considering the influential role springtails have in soil ecosystems future studies should
include the effects of neonicotinoids on species interactions across biological communities as
well as recolonisation and recovery of species after exposure. This could broaden the
understanding of soil ecosystems and allow predictions of effects of multiple stressors on soil

Processces.

The generalisation of the results of the abundance of mites in this present study requires some
cautions and additional experiments to clarify the threshold tolerance of imidacloprid and the
direct effects the chemical has on species of mites. Future studies should consider including

intraspecific responses of mites and the susceptibility of imidacloprid within species as a way

of minimising pesticide impact.
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Appendices

Appendix A: Imidacloprid concentrations in mesocosms

Table Al. Overview of the randomisations of concentrations and mesocosms in the experimental blocks. SamplelD reflects

block, watering treatment and position in the block and treatment of imidacloprid. E.g.; Block (C) + yes-watering (V) + position
(7), imidacloprid = CV72.5. U = corresponding soil samples. K = chemical analysis. L = loggers.

SamplelD Block no. Conc. Sample time Sample no. SamplelD Block no. Conc. Sample time Sample no.
AVUI A 0.00 1 2 BVWU1 B 0.00 1 9
AVU2 A 0.00 2 7 BVU2 B 0.00 2 15
AVU3 A 0.00 3 5 BVWU3 B 0.00 3 7
AVKI A 0.00 1 8 BVKI B 0.02 1 16
AVK2 A 0.00 2 1 BVK2 B 0.02 2 6
AVLK3 A 0.00 3 6 BVLK3 B 0.02 3 4
AV20 A 0.00 2 3 BV20 B 0.00 2 11
AV2002 A 0.02 2 15 BV2-0.02 B 0.02 2 8
AV2-01 A 0.10 2 16 BV2-01 B 0.10 2 12
AV2-05 A 0.50 2 9 BV2-05 B 0.50 2 2
AV2-25 A 2.50 2 13 BV225 B 250 2 10
AV3-0 A 0.00 3 11 BV3-0 B 0.00 3 1
AV3-002 A 0.02 3 14 BV3-002 B 0.02 3 13
AV3-01 A 0.10 3 10 BV301 B 0.10 3 3
AV3-05 A 0.50 3 12 BV3-05 B 0.50 3 5
AV3-25 A 250 3 4 BV3-25 B 250 3 14
AU1 A 0.00 1 1 BU1 B 0.00 1 10
AU2 A 0.00 - 8 BU2 B 0.00 2 11
AU3 A 0.00 3 4 BU3 B 0.00 3 2
AK1 A 0.00 1 12 BK1 B 0.02 1 16
AKZ A 0.00 2 9 BK2 B 0.02 2 3
ALK A 0.00 3 i BLK3 B 0.02 3 6
A0 A 0.00 2 > | B2 B 0.00 2 5
A2002 A 0.02 2 14 82002 B 0.02 ? .
A204 A U0 2 01 B201 B 0.10 2 15
A205 A 0.50 2 13 82.05 B 050 2 g
A225 A e 2 2 | B25 B 250 2 14
RO A 0.00 3 S : 0.00 3 12
A30.02 A 0.02 3 16 53002 B 0.02 3 4
o, 0.10 3 | Bl01 B 0.10 3 9
A305 A - S | Bos B 050 3 13
A325 A 2.50 3 11 8305 B ppu 3 1
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Table Al Continued. Overview of the randomisations of concentrations and mesocosms in the experimental blocks. SampleID
reflects block, watering treatment and position in the block and treatment of imidacloprid. E.g.; Block (C) + yes-watering (V) +
position (7), imidacloprid = CV72.5. U = corresponding soil samples. K = chemical analysis. L = loggers.

SamplelD Blockno. Conc. Sample time Sample no. SamplelD Blockno. Conc. Sampletime Sample no.
CvuU1 C 0.00 1 10 {DVU1 D 0.00 1 16
Cvu2 C 0.00 2 15 |DVU2 D 0.00 2 1"
CVU3 C 0.00 3 14 |\DVU3 D 0.00 3 9
CVK1 C 0.10 1 1 |DVK1 D 0.50 1 6
CVK2 C 0.10 2 9 |DVK2 D 0.50 2 2
CVLK3 C 0.10 3 12 |DVLK3 D 0.50 3 8
CV2-0 C 0.00 2 4 |DV20 D 0.00 2 14
Cv20.02 C 0.02 2 8 |Dv2-0.02 D 0.02 2 3
Cv201 C 0.10 2 7 |DV2-0.1 D 0.10 2 10
Cv205 C 0.50 2 3|DV2<05 D 0.50 2 15
Cv2-25 C 2.50 2 2|DvV2-25 D 2.50 2 13
CV3-0 C 0.00 3 11 (DV3-0 D 0.00 3 4
Cv30.02 C 0.02 3 16 \DV3-002 D 0.02 3 12
Cv301 C 0.10 3 6 |DV3-0.1 D 0.10 3 5
Cv305 C 0.50 3 13 |DV305 D 0.50 3 1
Ccv325 C 250 3 5|Dv3-25 D 2.50 3 7
CU1 C 0.00 1 7 |DU1 D 0.00 1 8
Ccu2 C 0.00 2 13 |DU2 D 0.00 2 12
Cu3 C 0.00 3 1 |DU3 D 0.00 3 15
CK1 C 0.10 1 9 | DK1 D 0.50 1 5
CK2 C 0.10 2 15 |DK2 D 0.50 2 3
CLK3 C 0.10 3 5 |DLK3 D 0.50 3 13
C2-0 C 0.00 2 6 |D2-0 D 0.00 2 2
C2-002 C 0.02 2 4 |D2-0.02 D 0.02 2 6
C2-01 C 0.10 2 3 |D2-0.1 D 0.10 2 10
C2-0.5 C 0.50 2 11 |D2-0.5 D 0.50 2 4
C2-25 C 250 2 2 |D2-2.5 D 2.50 2 7
C3-0 C 0.00 3 10 |D3-0 D 0.00 3 14
C3-002 C 0.02 3 12 |D3-0.02 D 0.02 3 1"
C3-01 C 0.10 3 16 |D3-0.1 D 0.10 3 9
C3-05 C 0.50 3 8 |D3-0.5 D 0.50 3 1
C3-25 C 2.50 3 14 1D3-2.5 D 2.50 3 16
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Table Al Continued. Overview of the randomisations of concentrations and mesocosms in the experimental blocks. SamplelD reflects
block, watering treatment and position in the block and treatment of imidacloprid. E.g.; Block (C) + yes-watering (V) + position (7),

imidacloprid = CV72.5. U = corresponding soil samples. K = chemical analysis. L = loggers.

SamplelD Block no. Conc. Sample time Sample no. SamplelD Block no. Conc. Sample time Sample no.
EVU1 E 0.00 1 14 |FVU1 F 0 1 2
EVU2 E 0.00 2 6 |FVU2 F 0 2 7
EVU3 E 0.00 3 2 |FVU3 F 0 3 4
EVK1 E 2.50 1 12 |FVLK3 F 0 3 6
EVK2 E 2.50 2 13 |FV2-0 F 0 2 5
EVLK3 E 2.50 3 16 |FV2-0.02 F 002 2 14
EV2-0 E 0.00 2 10 |FV2-01 F 0.1 2 1
EV2-002 E 0.02 2 9 FV2-05 F 0.5 2 10
EV2-01 E 0.10 2 11|FV2-25 F 25 2 3
EV2-05 E 0.50 2 7 |FV3-0 F 0 3 9
EV225 E 2.50 2 8 |[FV3-002 F 002 3 12
EV3-0 E 0.00 3 5|FV3-01 F 0.1 3 13
EV3-002 E 0.02 3 15 |FV3-05 F 0.5 3 1
EV3-01 E 0.10 3 1|FV3-25 F 25 3 8
EV3-05 E 0.50 3 4 |FU1 F 0 1 3
EV325 E 2.50 3 3 |FU2 F 0 2 13
EU1 E 0.00 1 6 |FU3 F 0 3 4
EU2 E 0.00 2 16 |FLK3 F 0 3 10
EU3 E 0.00 3 10 [F2-0 F 0 2 8
EK1 E 2.50 1 3|F2-002 F 002 2 5
EK2 E 2.50 2 11 |F2-0.1 F 0.1 2 6
ELK3 E 2.50 3 7 |F2-0.5 F 05 2 2
E2-0 E 0.00 2 9 |F2-25 F 25 2 1
E2-0.02 E 0.02 2 1|F3-0 F 0 3 1
E2-0.1 E 0.10 2 5|F3-002 F 002 3 7
E2-0.5 E 0.50 2 8 |F3-0.1 F 0.1 3 14
E2-25 E 250 2 15 [F3-0.5 F 05 3 9
E3-0 E 0.00 3 14 |F3-2.5 F 25 3 12
E3-0.02 E 0.02 3 12

E3-0.1 E 0.10 3 4

E3-0.5 E 0.50 3 13

E3-25 E 2.50 3 2
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Table Al Continued. Overview of the randomisations of concentrations and mesocosms in the experimental blocks. SampleID
reflects block, watering treatment and position in the block and treatment of imidacloprid. E.g.; Block (C) + yes-watering (V) +
position (7), imidacloprid = CV72.5. U = corresponding soil samples. K = chemical analysis. L = loggers.

SamplelD Block no. Conc. Sample time Sample no. SamplelD Blockno. Conc. Sample time Sample no.
GVU1 G 0 1 10 [HVU1 H 0.00 1 5
GVU2 G 0 2 8 |HVU2 H 0.00 2 3
GVU3 G 0 3 9 |HVU3 H 0.00 3 1
GVLK3 G (0,5) 3 11 [HVLK3 H 0.00 3 10
GV2-0 G 0 2 3 |HV2-0 H 0.00 2 13
GV2-002 G 0.02 2 14 |HV2-0.02 H 0.02 2 9
Gv2-01 G 0.1 2 13 |[HV2-01 H 0.10 2 4
GV2-05 G 05 2 2 |HV205 H 0.50 2 14
GvV2-25 G 25 2 4 |HV2-25 H 250 2 7
GV3-0 G 0 3 7 |HV3-0 H 0.00 3 6
GV3-002 G 0.02 3 12 [HV3-0.02 H 0.02 3 12
GV3-01 G 0.1 3 5|HV3-01 H 0.10 3 2
GV3-05 G 05 3 6 |HV3-05 H 0.50 3 8
GV3-25 G 25 3 1|HV3-25 H 250 3 1
GU1 G 0 1 9 |HU1 H 0.00 1 5
GU2 G 0 2 2 |HU2 H 0.00 2 14
GU3 G 0 3 6 |HU3 H 0.00 3 4
GLK3 G 0 3 10 [HLK3 H 0.00 3 1
G2-0 G 0 2 14 [H2-0 H 0.00 2 2
G2-002 G 0.02 2 12 |[H2-0.02 H 0.02 2 1
G2-0.1 G 0.1 2 3 |H2-01 H 0.10 2 12
G2-0.5 G 05 2 7 |H2-0.5 H 0.50 2 10
G2-2.5 G 25 2 4 |H2-2.5 H 250 2 9
G3-0 G 0 3 5 |H3-0 H 0.00 3 3
G3-002 G 0.02 3 11 |[H3-002 H 0.02 3 7
G3-0.1 G 0.1 3 13 [H3-0.1 H 0.10 3 13
G3-0.5 G 05 3 8 |[H3-0.5 H 0.50 3 6
G3-2.5 G 25 3 1 1H3-2.5 H 2.50 3 8
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Appendix B: Moisture content in soil samples

Table B1. Table showing FW (g), DW (g). moisture content (%), percentage change and if the samples have been treated with
the water regime (Yes/No). SamplelD reflects block, watering treatment and position in the block. E.g.; Block (C) + yes-
watering (V) + position (7) = CV7.

SamplelD Month Water treatment Conc. imidacloprid FW (g) DW (g) Moisture content (%) Change (%)

E6 May No 0.0 105.7 806 31 24
AV2 May No 0.0 983 686 43 30
EV14 May No 0.0 664 454 46 31
D8 May No 0.0 761 561 35 26
B12 May No 0.0 1072 784 36 27
DV16 May No 0.0 1276 920 38 28
C7 May No 0.0 1256 90.3 39 28
H5 May No 0.0 879 627 40 29
HV5 May No 0.0 791 558 41 29
BV9 May No 0.0 1133  85.1 33 25
G9 May No 0.0 896 647 38 28
CV10 May No 0.0 146.5 1094 33 25
F3 May No 0.0 103.0 723 42 30
FV2 May No 0.0 694 474 46 32
A1 May No 0.0 1185 884 33 26
GV10 May No 0.0 856 608 40 29
GV3 June No 0.0 1328 812 63 39
A5 June No 0.0 106.5 70.0 51 34
G14 June No 0.0 157.8 104.3 51 34
F8 June No 0.0 135.7 86.3 57 36
Cé June No 0.0 1121 728 53 35
E9 June No 0.0 1509 104.9 43 30
B5 June No 0.0 1339 899 48 33
H2 June No 0.0 1339 815 64 40
D2 June No 0.0 1340 896 49 33
FV5 June Yes 0.0 9.2 612 57 36
BV11 June Yes 0.0 160.7 108.0 48 33
DV14 June Yes 0.0 176.1  108.2 62 38
AV3 June Yes 0 1186 729 62 38
EV10 June Yes 0 1485 96.1 54 38
Cv4 June Yes 0 945 586 61 35
AV11 June No 0.02 1156 718 60 38
B7 June No 0.02 1046 67.2 55 37
A14 June No 0.02 1119 714 56 36
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Table B1 Continued. Table showing FW (g), DW (g). moisture content (%), percentage change and if the samples have been
treated with the water regime (Yes/No). SamplelD reflects block, watering treatment and position in the block. E.g.; Block (C) +
yes-watering (V) + position (7) = CV7.

SamplelD Month Water treatment Conc. imidacloprid FW (g) DW (g) Moisture content (%) Change (%)

G12 June No 0.02 123.3 801 53 36
C4 June No 0.02 1255 939 33 35
E1 June No 0.02 86.7 489 77 25
H11 June No 0.02 1295 80.7 60 43
D6 June No 0.02 1152 711 62 38
FV14 June Yes 0.02 143.0 90.1 58 38
AV15 June Yes 0.02 1551 974 59 37
EV9 June Yes 0.02 1429 894 59 37
HV9 June Yes 0.02 1135 648 75 37
GV14 June Yes 0.02 110.3 644 71 43
CV8 June Yes 0.02 1336 839 50 42
BV8 June Yes 0.02 1101 644 70 37
DV3 June Yes 0.02 1279 76.7 66 41
G3 June No 0.1 1398 88.1 58 40
D10 June No 0.1 105.3 664 58 37
A10 June No 0.1 1099 66.6 65 37
B15 June No 0.1 1281 818 56 39
F6 June No 0.1 1048 629 66 36
H12 June No 0.1 1121 639 75 40
C3 June No 0.1 116.0 76.2 52 43
E5 June No 0.1 1472 993 48 34
BV12 June Yes 0.1 150.7 100.7 49 32
DV10 June Yes 0.1 106.1 65.7 61 33
FV1 June Yes 0.1 1048 688 52 38
Cv7 June Yes 0.1 1132 728 55 35
HV4 June Yes 0.1 1335 818 63 39
AV16 June Yes 0.1 1353 855 58 37
GV13 June Yes 0.1 109.8 63.0 74 42
EV11 June Yes 0.1 1313 827 58 37
B8 June No 05 153.8 989 55 35
F2 June No 0.5 1292 824 56 36
C11 June No 05 1218 778 56 36
G7 June No 05 1470 96.0 53 34
A13 June No 05 121.7 757 60 38
D4 June No 05 1716 1120 53 35
E8 June No 05 1128 774 45 31
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Table B1 Continued. Table showing FW (g), DW (g). moisture content (%), percentage change and if the samples have been treated

with the water regime (Yes/No). SamplelD reflects block, watering treatment and position in the block. E.g.; Block (C) + yes-
watering (V) + position (7) = CV7.

SamplelD Month Water treatment Conc. imidacloprid FW (g)

DW (g) Moisture content (%) Change (%)

H10
BV2
FV10
EV7
AV9
CV3
GV2
HV14
DV15
B14
H9
C2
G4
D7
F11
E15
A2
EV8
Cv2
DV13
HV7
GV4
FV3
BV10

AV13
B10

E14
H3
A6
C10
D14
F1
G5
AV11
DV4
GV7

June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June
June

June
August

August
August
August
August
August
August
August
August
August
August

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
No

No
No
No
No
No
No
No
Yes
Yes
Yes

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
2.5
2.5
2.5
25
2.5
2.5
2.5
2.5
25
2.5
2.5
2.5
2.5
25
25

2.5
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

71

96.5

128.9
121.5
144.0
124.8
113.0
118.2
170.6
115.8
1154
109.9
125.9
157.0
88.6

142.3
128.5
125.9
123.6
170.4
119.6
142.7
108.0
140.5

126.1
97.92

93.65
104.53
84.24
96.9
94.36
88.69
91.93
114.7
106.42
13.27

38.6
61.0
82.3
73.6
90.7
86.1
68.0
76.1
110.1
73.5
70.9
68.1
79.3
103.9
54.9
83.7
85.5
77.6
80.8
110.1
734
89.0
72.7
91.6

78.0
81.48

80.59
87.49
72.5

81.77
73.98
74.24
74.51
94.47
85.93
82.95

84
58
56
64
58
L
66
55
54
57
62
61
58
51
61
69
50
62
52
54
62
60
48
53

61
20

16
19
16
18
27
19
23
21
24
37

71

46
37
36
39
37
KY
40
35
35
36
38
38
37
34
38
41
33
38
34
35
38
38
32
35

38
20

16
19
16
18
27
19
23
21
24
37



Table B1 Continued. Table showing FW (g), DW (g). moisture content (%), percentage change and if the samples have been treated
with the water regime (Yes/No). SamplelD reflects block, watering treatment and position in the block. E.g.; Block (C) + yes-watering
(V) + position (7) = CV7.

SamplelD Month Water treatment Conc. imidacloprid FW (g)

DW (g) Moisture content (%) Change (%)

FV9
EV5
Ccv11
HV6
BV1
D11
A16
F7
C12
G11
H7
B4
E12
DV1i2
GV12
AV14
FV12
HV12

BV13
CV1é
EV15
E4
D9
H13
F14
G13
B9
C16
A3
AV10
EV1
HV2
FV13
GV5
BV3

August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August

August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August

Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes

0.0

0.0

0.0

0.0

0.0

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

0.02
0.02
0.02
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

99.46
94.53
114.16
108.79
73.29
148.03
93.94
76.82
95.23
129.02
45.49
129.32
90.23
134.88
85.13
106.73
96.65
96.11

133.89
94.91
110.71
99.72
90.47
78.81
92.98
111.61
80.79
113.76
97.44
104.66
128.02
72.01
129.64
63.86
101.35

85.16
78.86
88.38
88.86
62.37
124.2
82.39
61.6
79.7
105.03
29.51
107.82
17.37
111.76
69.73
81.1
77.05
73.02

115.3
80.35
91.83
87.84
73.85
67.07
76.72
91.79
68.48
95.47
84.58
83.94
105.24
61.68
108.73
53.31
83.47

17
20
29
22
17
19
14
25
19
23
54
20
17
21
22
32
25
32

16
18
21
13
22
17
21
22
18
19
15
25
22
17
19
20
21

17
20
29
22
17
19
14
25
19
23
54
20
17
21
22
32
25
32

14
15
17
12
18
15
17
18
15
16
13
20
18
14
16
16
18



Table B1 Continued. Table showing FW (g), DW (g). moisture content (%), percentage change and if the samples have been treated
with the water regime (Yes/No). SamplelD reflects block, watering treatment and position in the block. E.g.; Block (C) + yes-watering
(V) + position (7) = CV7.

SamplelD Month Water treatment Conc. imidacloprid FW (g)

DW (g) Moisture content (%) Change (%)

CV6
DV5
B13
A15
H6
G8
C8
D1
E13
F9
GV6
EV4

FV11
DV1
BVS
AV12
Cv13
HV8
C14
G1
F12
B1
E2
D16
A1
H8
EV3
GV1
HV11
AV4
FV8
CV5
BV14
DV7

August
August
August
August
August
August
August
August
August
August
August
Auqust

August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August

Yes
Yes
No
No
No
No
No
No
No
No
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

0.1
0.1
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5
05
0.5
2.5
2.5
2.5
25
2.5
2.5
2.5
2.5
2.5
25
2.5
2.5
2.5
25
25
25

101.45 86.25
88.18 70.18
8431 7031
7118  60.65
39.97 20.05
107.17 87.18
87.03 68.86
1071 87.24
7239 6212
932 7855
5643 4547
102.44 81.93

86.8
112.26
98.38
101.88
84.07
81.06
80.67
107.96
100.52
136.34
102.13
91.9
73.35
65.01
89.55
94.24
108.42
118.99
111.34
56.49
121.92
101.41

68.71
92.31
84.11
85.11
M7
64.24
68.87
87.33
83.2
113.48
88.97
71.49
64.14
53.47
71.49
83.01
85.48
91.73
89.69
46.78
105.06
80.21

18
26
20
17
99
23
26
23
16
19
24
25

26
21
17
20
17
26
17
23
21
20
15
28
14
21
25
13
27
30
24
21
16
26

15
20
17
15
50
18
21
18
14
16
19
20

21
18
14
16
15
21
15
19
17
17
13
22
12
18
20
12
21
23
19
18
14
21

73




Appendix C: Imidacloprid analysis of soil

The analysis of imidacloprid in soil done at NIVA, as explained in detail in Sagnik Sengupta
et al (2021):

Subsamples of the spiked food were preserved in darkness at —20 °C prior to highperformance
liquid chromatographic—mass spectroscopic analysis of imidacloprid content. The
homogenized food (10-30 mg) sample was weighed and added to a 15-mL tube. Prior to
extraction, 50 puL of an internal standard (1 ng uL—1 of d4-imidacloprid) was spiked into the
sample. Two milliliters each of water and acetonitrile (MeCN) were added to the tube. The
sample present in the tube was mixed by vortexing for 1 min, followed by sonification for 30
min at room temperature. Approximately 1 g of NaCl (salt) was added to the tube, which was
then shaken. The salt dissolved in the water, which then separated from the MeCN. The
MeCN fraction was removed and evaporated until dryness by heating (60 °C) under nitrogen.
The remaining content was then dissolved in 0.5 mL 10% MeCN in water. All the samples
were filtered with 20-um Spin-X centrifuge nylon filter (Corning) and finally transferred into
a liquid chromatography vial ready for ultraperformance liquid chromatographic (UPLC)-

mass spectroscopic analysis.

Liquid chromatography was performed on an Acquity BEH C18 column (1.8 pm, 100 x 2.1
mm; Waters), using an Acquity UPLC module (Waters). Separation was achieved using linear
gradient elution at 0.5 mL min—1 starting with MeCN:water (10:90 v/v, water containing
0.1% formic acid), rising to 100% MeCN over 9 min. An isocratic elution with 100% MeCN
was maintained for 2 min before the eluent was switched back to 10% MeCN. The UPLC
system was coupled to a Xevo TQ-S tandem mass spectrometer operating with an ESI
interface (Waters Micromass). Screening of imidacloprid was performed with multiple
reaction monitoring in positive ionization mode; imidacloprid 256 > 175, 256 > 209 and
deuterated 260 > 179, 260 > 213. The limit of detection of 0.1 ng g—1 imidaclo

prid was estimated to be 3 times the signal-to-noise ratio using spiked control samples.
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Appendix D: Effects of the watering treatment

Table D1. Overview of the statistics on the watering regime found in each springtail group and mites. The effect of the watering
on abundance and together with concentrations of imidacloprid is compared with the control groups. Model generated by mixed
effects model, Ime in RStudio.

Value Std. Error DF t-value p-value AIC LogLik
F.quad 819.190 -403.595
Watering 0.371 0.297 221 1245 0.214
Watering*Conc. -0.008 0.166 221 -0.053 0.957
Upper 569.085 -274.543
Watering -0.074 0.207 217 0.358 0.720
Watering*Conc. 0.058 0.096 217 0.600 0.548
Middle 626.591 -303.295
Watering 0449 0.269 217 1.665 0.097
Watering*Conc. 0.089 0.106 217 0.840 0.401
Lower 795.910 -387.955
Watering 0.689 0.106 217 1.803 0.072
Watering*Conc. -0.055 0.153 217 0361 0.718
Mites 504.646 -242.323
Watering 0.244 0.211 217 1151 0.250
Watering*Conc. 0.002 0.079 217 0.031 0974
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Appendix E: Figures

Overview of the boxplots on the abundance of organisms between the watering blocks
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Figure E1 ab). Box plots showing the abundance of F. quadrioculata in a) June and b) August. The abundance is
shown at each concentration and water treatment blocks. Watering blocks are shown in blue (Yes) and no-watering
blocks are shown in red (No). Y-axis show the number of individuals and x-axis shows the concentrations. The
middle line represents median individuals. The bottom and top lines represents the first and third quantiles.
Whiskers represent the range of the data and outliers are marked as individual points.
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Figure E2 ab). Box plots showing the abundance of surface dwelling springtails in a) June and b) August. The
abundance is shown at each concentration and water treatment blocks. Watering blocks are shown in blue (Yes) and
no-watering blocks are shown in red (No). Y-axis show the number of individuals and x-axis shows the concentrations.
The middle line represents median individuals. The bottom and top lines represents the first and third quantiles.
Whiskers represent the range of the data and outliers are marked as individual points.
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Figure E3 ab). Box plots showing the abundance of litter dwelling springtails in a) June and b) August. The abundance is
shown at each concentration and water treatment blocks. Watering blocks are shown in blue (Yes) and no-watering blocks are
shown in red (No). Y-axis show the number of individuals and x-axis shows the concentrations. The middle line represents
median individuals. The bottom and top lines represents the first and third quantiles. Whiskers represent the range of the data
and outliers are marked as individual points.
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Figure E4 ab). Box plots showing the abundance of soil dwelling springtails in a) June and b) August. The abundance is shown at
each concentration and water treatment blocks. Watering blocks are shown in blue (Yes) and no-watering blocks are shown in red
(No). Y-axis show the number of individuals and x-axis shows the concentrations. The middle line represents median individuals.
The bottom and top lines represents the first and third quantiles. Whiskers represent the range of the data and outliers are marked

as individual points.
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Figure E5 ab). Box plots showing the abundance of mites in a) June and b) August. The abundance is shown at each concentration
and water treatment blocks. Watering blocks are shown in blue (Yes) and no-watering blocks are shown in red (No). Y-axis show the

number of individuals and x-axis shows the concentrations. The middle line represents median individuals. The bottom and top lines
represents the first and third quantiles. Whiskers represent the range of the data and outliers are marked as individual points.
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Appendix F: Sampled organisms

Other soil invertebrates

4%
Neanuridae
0%
Hypogastruidae
16 %
Tomoceridae
1%

Symphypleona
S

Juveniles /

1% Entomobryomorpha
2%

Figure F1. Pie chart showing an overview of the total abundance of organisms found and counted during the
experiment. In this chart all treatment samples and months are pooled together.
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Table F1. Overview of the other sampled taxa in the experiment. The organisms are organised by species
order, sample time (Month) and the total number of organisms sampled per concentration of imidacloprid
(mg/kg).

Total number organisms per

Species Month conc. imidacloprid (mg/kg)
0 0.02 0.1 0.5 2.5
May 54 - - - -
Enchytraeide June 332 383 318 294 303
August 5 1 1 1 2
May 6 - - - -
Coleoptera June 5 7 4 4 2
August 3 2 2 1 3
May 11 - - - -
Acridimorpha June 3 1 0 0 0
August 3 0 0 0 0
May 33 - - - -
Larvae June 56 16 13 12 8
August 43 20 12 20 6
May 3 - - - -
Aranea June 6 1 1 4 1
August 21 1 27 0 0
May 4 - - - -
Diptera June 5 5 2 2 0

August 4 2 1 0 1



Table F1 Continued. Overview of the other sampled taxa in the experiment. The organisms are organised by

species order, sample time (Month) and the total number of organisms sampled per concentration of

imidacloprid (mg/kg).
Total number organisms per
Species Month conc. imidacloprid (mg/kg)
0 0.02 0.1 0.5 2.5
May 14 - - - -
Myriapoda June 10 6 4 3 7
August 5 0 2 5 2
May 4 - - - -
Nematocera June 3 2 1 2 2
August 2 2 0 0 1
May 2 - - - -
Megadrilacea June 0 0 0 2 1
August 0 0 0 0 0
May 0 - - - -
Hymenoptera June 0 0 7 1 0
August 0 1 0 0 0
Unidentified May 10 - - - -
invertebrate June 12 7 5 16 1

August 22 6 1 3 2



