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Highlights 23 

 24 

• Total ciliate abundance was increased by Cu and cypermethrin treatment 25 

• Sensitive species were lost from the community at high Cu and cypermethrin levels 26 

• Tolerant species seemed to increase in abundance in the absence of sensitive 27 

species 28 

• The ciliate community structure was altered at high Cu and cypermethrin levels  29 
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Abstract 30 

Ciliated protozoa play important ecological roles in soils, yet few studies have investigated 31 

the effect of soil pollution on them. We determined the effect of copper (Cu) and 32 

cypermethrin on a soil ciliate community under microcosm conditions. Soils were treated 33 

with Cu or cypermethrin and the abundance and species richness of ciliates determined 15 34 

days later. Cu treatment increased soil ciliates abundance at the highest concentration (960 35 

mg kg-1), as did cypermethrin at a treatment of 160 mg kg-1. No negative effect on ciliate 36 

abundance was found for either substance due to increased numbers of tolerant species, 37 

particularly Homalogastra setosa and Chilodonella uncinata in the case of Cu and Colpoda 38 

stenii and Colpoda inflata for cypermethrin treatments. However, several species were 39 

absent at high treatment levels. Notably, Halteria grandinella was not found in Cu treatments 40 

above 240 mg kg-1, whilst Oxytricha setigera was not found in cypermethrin treatments 41 

above 160 mg kg-1. For Homalogastra setosa, there was an initial positive response to 42 

cypermethrin, but abundance then decreased at a treatment of 320 mg kg-1, and treatment 43 

at 640 mg kg-1 eradicated the species from the microcosms. Accordingly, both substances 44 

affected the structure of the soil ciliate community at high concentrations. 45 

 46 
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1. Introduction 50 

Ciliates are single-celled eukaryotic organisms that form one of the three functional groups 51 

of protozoa alongside flagellates and amoebae (Esteban and Fenchel, 2020; Finlay and 52 

Esteban, 2013). Ciliates are abundant phagotrophic microorganisms in soil, where they play 53 

important roles in food webs by controlling the communities of smaller microbes and 54 

recycling organic material from consumed prey (Esteban et al., 2006). Protozoa can be 55 

affected by pollutants, such as metals (Johansen et al., 2018; Madoni & Romeo, 2006), and 56 

pesticides (Mansano et al., 2020; Staley et al. 2015) which can thereby impact their 57 

ecological role. Despite their importance, protozoa have been subject to far less study than 58 

other soil organisms and there is a considerable gap in the understanding of how pollution 59 

may affect ciliate communities (Vilas-Boas et al., 2020), particularly in soil. 60 

 61 

Heavy metal contamination of soil ecosystems can arise from the use of pesticides, sewage 62 

sludge, inorganic fertilizers, animal manures/slurries and through industrial waste and 63 

emissions (Wuana and Okiemmen, 2011), and is therefore considered to be widespread. 64 

Research on the impacts of trace metals in general, and copper (Cu) in particular, on 65 

protozoa in soil is scant (Johansen et al., 2018). Almost all studies to date have focussed on 66 

laboratory testing of trace metal toxicity, and only a few ciliates and amoeba species have 67 

been investigated (Bitencourt et al., 2016; Campbell et al., 1997; Díaz et al., 2006; Forge et 68 

al., 1993; Hao et al., 2016; Martín-González et al., 2006; Pratt et al., 1997; Martín-González 69 

et al., 2006). Moreover, microcosms have only occasionally been used to evaluate the 70 

changes in abundance and diversity of soil protozoa caused by elevated trace metal 71 

exposure (Ekelund et al., 2003; Johansen et al., 2018), despite such conditions more closely 72 

resembling those in the field. These studies indicated that considerable variation exists 73 

among protozoan species in sensitivity to trace metal toxicity, with certain distinct species 74 

demonstrating tolerance to elevated metal exposure (Díaz et al., 2006; Giller et al., 1998). 75 

Alterations in the structure of protozoan communities due to trace metal pollution are, 76 
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therefore, highly likely due to a loss or reduction in abundance of sensitive species and 77 

concurrent rise in abundance of tolerant species. However, the extent of change at the 78 

community level is difficult to determine given the current level of understanding. 79 

 80 

Copper is an essential element for all living organisms, and is particularly required as a 81 

cofactor for a number of enzymes (Krupanidhi et al., 2008). Cu is typically found at trace 82 

levels in the environment, but can be toxic in excess, negatively impacting the activity of soil 83 

enzymes (Wyszkowska et al., 2006), reducing microbial biomass, changing the diversity of 84 

microbial communities, and altering the physiology of bacteria (Aoyama, 1993; Ekelund et 85 

al., 2003). Cu-spiked soil experiments under laboratory conditions have indicated that at high 86 

concentrations, Cu negatively affects mineralization by the soil microbial flora (Ekelund et al., 87 

2003; Giller et al., 1998), which would suggest a significant subsequent impact on nutrient 88 

recycling. 89 

 90 

The intensive use of pesticides creates a further risk for soil biology. As a consequence, 91 

many pesticides have been evaluated for toxicity to microorganisms, including protozoa 92 

(Adebavo et al., 2007; Ekelund et al., 1994; Ekelund, 1999; Mansano et al., 2020; Petz and 93 

Foissner 1989; Todorov and Golemansky 1992; Xu et al., 2010). Cypermethrin is a synthetic 94 

pyrethroid insecticide widely used to control a broad range of insect pests in households, 95 

veterinary medicine and agriculture (Singh et al., 2012). Cypermethrin has a moderate 96 

persistence in soil, but it is more persistent in soils with high organic matter content (Harris 97 

and Chapman, 1981). The degradation rate of cypermethrin in soil increased in the presence 98 

of microorganisms (Chapman et al., 1981; Xie and Zhou, 2008), but there has also been 99 

increasing concern regarding the toxicity of cypermethrin to the soil microbial biomass and 100 

its activity (Filimon et al., 2015). Studies have indicated that cypermethrin can cause a 101 

reduction in the biomass and enzyme activities of microorganisms in the short term, but then 102 

may stimulate microbial growth (Sechi et al., 2014; Tejada et al., 2015). To date, studies 103 
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have only considered the effect of this insecticide on freshwater ciliates (Dutta, 2015; 104 

Friberg-Jensen et al., 2003). Hence, there is crucial need to understand the toxicity of this 105 

insecticide to ciliated protozoa in soil due to the combination of their ecological importance 106 

and the widespread use of cypermethrin.  107 

 108 

In the present study, we assessed the effect of Cu and cypermethrin on the abundance and 109 

species richness of soil ciliates in a microcosm system in order to determine how the ciliate 110 

community changed with increasing exposure to Cu and cypermethrin. 111 

 112 

2. Materials and methods 113 

2.1 Experimental soil 114 

A sandy loam topsoil was obtained from a commercial supplier (Wicks, Northampton, UK). 115 

Selected physico-chemical parameters for the soil are given in Table 1. This soil had 116 

relatively high organic matter (OM) content for a mineral soil, which should have ensured 117 

sufficient nutrients for microorganisms. Additionally, soils with high OM can increase 118 

persistence of Cu and cypermethrin in the soil (Harris and Chapman, 1981). Thus, the use of 119 

this soil represents a scenario where the soil is expected to have a good microbial and ciliate 120 

community, and to be affected over a relatively long period by the contaminants. 121 

 122 

2.2 Microcosm setup and sampling 123 

For both Cu and cypermethrin, the appropriate volume of a solution necessary to raise the 124 

concentration in the soil by a predetermined amount was added to 2 kg of fresh soil. Soils 125 

were treated with a 10 mg mL-1 Cu (as CuCl2) solution to provide 7 distinct Cu addition 126 

treatments of 0 mg Cu kg-1 soil (dry weight) as the control; 35 mg kg-1; 70 mg kg-1; 140 mg 127 

kg-1; 240 mg kg-1; 480 mg kg-1; 720 mg kg-1 and 960 mg kg-1. Similarly, a commercial 128 
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formulation containing 10 mg mL-1 of cypermethrin (PY Bug Killer concentrate, Vitax Ltd, UK) 129 

was used to provide cypermethrin treatments of 0 mg kg-1 (control); 10 mg kg-1; 20 mg kg-1; 130 

40 mg kg-1; 80 mg kg-1; 160 mg kg-1; 320 mg kg-1 and 640 mg kg-1. 131 

 132 

Cu and cypermethrin solutions were thoroughly mixed with the soil, and then divided into 4 133 

replicate plastic containers to form microcosms consisting of 500 g (fresh weight) of soil. The 134 

experiment was conducted under laboratory conditions (19 oC ± 1-2 oC) for 15 days. 135 

Moisture content of the soil was adjusted to 60% water holding capacity at the start of the 136 

experiment using distilled water, and maintained at this level through the course of the 137 

experiment by the addition of sufficient distilled water to maintain a constant weight in each 138 

microcosm. For both substances, soil samples were collected from 0-5 cm 15 days after the 139 

soil was treated for evaluation of the ciliate communities. 140 

 141 

2.3 Measurements of ciliates 142 

To determine the abundance and species richness of soil ciliates, the method of Finlay et al. 143 

(2000) was followed, as outlined below. This method determines the potential abundance of 144 

free-living protozoa in samples following the re-wetting of air-dried soil with rainwater. As this 145 

method does not utilise additional carbon substrates or mineral nutrients, the community of 146 

protozoa that develops in the re-wetted samples is a function of the resources and inhibitors 147 

present in the original soil in the field (Finlay et al., 2000). 148 

 149 

Sample treatment 150 

Soil sampled 15 days after the application of Cu/cypermethrin was homogenised by 151 

thorough mixing in a clean 30 cm-diameter glass bowl. A sub-sample of soil (~50 g) was 152 

then taken and spread out as a layer in a clean 15 cm diameter glass Petri dish and dried at 153 

room temperature (18-22 oC) for 6 days. After air drying, soil was passed through a 4 mm 154 
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sieve to remove large objects such stones. This fraction of the soil was used for all ciliate-155 

related work. 156 

 157 

Incubation and ciliate counts 158 

To facilitate the growth of ciliates, 5 g of the air-dried soil was placed into a 5 cm diameter 159 

sterile plastic Petri dish. This was replicated 3 times for each sample. Whatman® syringe 160 

filters with 0.2 µm diameter pore size were used to filter rain water to exclude ciliates and 161 

other microbes. A measured volume of filtered rainwater sufficient to produce slurry was 162 

then added to the soil samples in the Petri dishes. Samples were then incubated in the dark 163 

at 15 oC, and ciliates were investigated after 4 days and 10 days of incubation by removing a 164 

50 µl sample from the water runoff. Sampled water was then placed in a glass Sedgewick-165 

Rafter Chamber, and ciliate numbers in the 50 µl subsample were determined under a 166 

compound microscope at a magnification of 40-125x. This was repeated five times for each 167 

Petri dish of soil. 168 

 169 

After counting, samples were used for enrichment culture in order to provide sufficient cells 170 

for detailed observation, including silver impregnations to aid identification, and to facilitate 171 

growth of species that were not observed during the counting process. Enrichment cultures 172 

were prepared by putting a soil inoculum (approximate 5 g of rewetted soil) into 50 ml sterile 173 

culture flasks that contained 20 ml of SES (Soil Extract added Salts) medium 174 

(http://www.ccap.ac.ukmedia/SES.pdf) and half a boiled wheat grain. The inoculated flasks 175 

were examined daily for 28 days to ascertain the ciliate species present. 176 

 177 

Identification of ciliates 178 

The species richness of ciliates was determined by identifying the specimens observed 179 

during the counting process and in the following enrichment cultures. Identification, 180 

http://www.ccap.ac.ukmedia/SES.pdf
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nomenclature and terminology of soil ciliates found was conducted according to the following 181 

taxonomic works: Foissner (1987; 1993; 2016), Foissner et al. (1991; 1992; 1994; 1995; 182 

2002) and Kahl (1935). Live specimens were observed under a compound microscope with 183 

phase contrast (magnifications of 100-1000x). The ammoniacal silver carbonate 184 

impregnation (Fernández-Galiano, 1994) and the protargol (Foissner, 2014) staining 185 

methods were also used in order to reveal infraciliature of ciliates for species identifications. 186 

 187 

Ciliate abundance and richness 188 

The number of ciliates counted after 10 days of soil incubation (as explained above) were 6 189 

and 9 times lower in the controls of Cu and cypermethrin treatments respectively than after 4 190 

days. Consequently, only ciliates observed after 4 days of incubation were used to assess 191 

ciliate abundance.  Total species richness was determined as the total number of species 192 

found by combining the species identified after both periods of incubation (i.e. 4 and 10 193 

days) and in the enrichment cultures. 194 

 195 

2.4 Data analysis 196 

Statistical analysis was conducted with SPSS vs. 20 (IBM Inc.). Data were analysed 197 

statistically to determine the significance of differences between treatments in total 198 

abundance and richness of soil ciliates. The abundance of ciliate species showing 199 

appreciable change were then subject to further analysis as individual species. Data sets 200 

were analysed for homogeneity of variance with Levene’s test prior to comparing means by 201 

one-way ANOVA. When this assumption was not met, data were log10 transformed to meet 202 

this assumption. Effects of individual treatments were determined by Turkey’s HSD post-hoc 203 

test.  204 

 205 

3. Results 206 
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3.1 Effects of copper (Cu) on the abundance of soil ciliates 207 

There were fluctuations in the abundance of soil ciliates as treatment level increased (Figure 208 

1), but the highest ciliate abundance (306 cells g-1 soil) was observed at the highest Cu 209 

treatment (960 mg kg-1). Copper treatment had an overall statistically significant impact on 210 

the abundance of soil ciliates (F (7, 24) = 7.836, p < 0.001), but post hoc testing showed the 211 

only treatment having a significant effect was the 960 mg kg-1 treatment, in which the 212 

abundance of ciliates was significantly higher than in all other treatments, including the 213 

control. 214 

 215 

The abundance of individual ciliate species was examined to identify those with an 216 

appreciable response to treatment. From this, two species were identified, Chilodonella 217 

uncinata and Homalogastra setosa. Both of these species showed a significant increase in 218 

population abundance in the 960 mg kg-1 treatment compared to the control soil (Table 2). 219 

Indeed, it was due to the rapid increase in the abundance of these two species that the 220 

greatest number of soil ciliates was recorded at the highest Cu treatment.  221 

 222 

3.2 Effects of copper on soil ciliate species richness and community structure 223 

The mean ciliate species richness was relatively constant, but there was a slight decrease at 224 

the highest Cu treatment concentrations (720 mg kg-1 and 960 mg kg-1, Figure 2). However, 225 

there was no significant effect of Cu on species richness (F (7, 24) = 1.033, p = 0.435). Despite 226 

this, an effect of Cu on the structure of the soil ciliate community was observed at the 227 

highest treatment concentration; only 12 species in total were recorded in the 960 mg kg-1 228 

treatment compared to a total of 17 species in the control (Table 3). Most notably, Halteria 229 

grandinella, Kahlilembus attenuatus, and Oxytricha setigera were found in the control and 230 

low to mid concentrations, but were absent in the highest concentrations.  In contrast, 231 

Kreyella minuta was found infrequently except in the highest Cu treatment and, as previously 232 



11 
 

mentioned, the abundance of Chilodonella uncinata and Homalogastra setosa were 233 

significantly increased in the highest concentration. Hence, both the species composition 234 

and relative abundance of species in the community were affected by Cu treatment at high 235 

concentrations. 236 

 237 

3.3 Effects of cypermethrin on the abundance of soil ciliates 238 

The response of ciliate abundance to cypermethrin treatments was varied, initially 239 

decreasing, then increasing to the highest level at a concentration of 160 mg kg-1, with 780 240 

cells g-1 dry soil found, before abundance fell again (Figure 3). Overall, ciliate abundance 241 

was significantly affected by cypermethrin treatment (F (7, 24) = 13.157, p < 0.001, log10 242 

transformation of the dependent variable). However, the decrease in abundance as the 243 

cypermethrin treatment rose from 10 to 40 mg kg-1 was found to be non-significant 244 

compared to the control according to post-hoc testing. Furthermore, despite a marked 245 

increase in ciliate abundance as the cypermethrin concentration rose from 80 to 320 mg kg-246 

1, only the 160 mg kg-1 treatment differed significantly from the control. A very marked 247 

decline in ciliate abundance then occurred in the 640 mg kg-1 treatment, which resulted in a 248 

significant decrease in abundance in this treatment compared to the 80 to 320 mg kg-1 249 

treatments, but not the control. 250 

 251 

Ciliate species showing an appreciable change in abundance in response to treatment were 252 

again subject to further analysis as individual species. This demonstrated that cypermethrin 253 

had a positive and significant impact on Homalogastra setosa abundance at treatment 254 

concentrations of 80 and 160 mg kg-1 (Table 4). Above these concentrations, the abundance 255 

of this species decreased sharply and it was totally absent in the 640 mg kg-1 treatment. The 256 

results of post-hoc testing indicated that abundance of H. setosa in the 160 mg kg-1 257 

treatment differed significantly to both the control and 80 mg kg-1 treatments. 258 
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 259 

Despite a lack of a significant difference between the control and the 320 mg kg-1 260 

cypermethrin treatment, the abundance of soil ciliates tripled between the two. This was 261 

mainly attributed to a marked increase in the abundance of two colpodid species, Colpoda 262 

steinii and C. inflata, in the 320 mg kg-1 treatment (Table 4). Whilst no Colpoda were found in 263 

the control samples, the abundance of the two Colpoda species increased from the 80 mg 264 

kg-1 treatment. In the case of C. steinii, post hoc testing showed significant differences 265 

between the 320 mg kg-1 treatment and the two lower concentration treatments in which it 266 

was found, i.e. 80 and 160 mg kg-1, but no significant difference between the 80 mg kg-1 and 267 

160 mg kg-1 treatments. Significant differences in the abundance of C. steinii were found 268 

amongst the 80, 160, and 320 mg kg-1 cypermethrin treatments. 269 

 270 

3.4. Effect of cypermethrin on soil ciliate species richness and community structure 271 

In terms of mean ciliate species richness, there was a slight increase as cypermethrin 272 

treatments increased from the control to 160 mg kg-1, but the mean number of species 273 

decreased slightly at higher concentrations, falling below the control in the two highest 274 

treatments (Figure 4). One-way ANOVA demonstrated a significant effect of cypermethrin on 275 

soil ciliate species richness (F (7, 24) = 4.405, p = 0.003, log10 transformation of the dependent 276 

variable). Nevertheless, significant differences in ciliate species richness were only found 277 

between the 640 mg kg-1 treatment and the 20, 40, and 80 mg kg-1 treatments. 278 

 279 

Ciliate community structure was also affected by cypermethrin treatment; in total, 21 ciliate 280 

species were found in the control, but only 12 ciliate species were recorded in the samples 281 

from the 640 mg kg-1 treatment. Several ciliate species were completely absent at the 282 

highest concentration (640 mg kg-1), but were still found in the control and lower 283 

cypermethrin concentrations, i.e. Arcuospathidium vermiforme, Halteria grandinella, 284 
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Homalogastra setosa, and Oxytricha setigera (Table 5). As in the case of Cu, the frequency 285 

with which some species were found increased at high cypermethrin treatments, especially 286 

the two Colpodid species mentioned previously, and also a Gonostomum sp. and 287 

Pseudoplatyophrya nana, which were found only in the three highest cypermethrin 288 

treatments. 289 

 290 

4. Discussion 291 

4.1 Effect of copper on the abundance and species richness of soil ciliates  292 

Research into the toxicity of trace metals to soil ciliates is sparse and the work that is evident 293 

has nearly all been conducted in solutions amended with trace metal or in solution extracted 294 

from metal contaminated soils, and has used common Colpodid species (Bowers et al. 1997; 295 

Campbell et al. 1997; Díaz et al. 2006; Pratt et al. 1997). Only one investigation is evident in 296 

which changes in protozoan abundance due to Cu was investigated actually in soil (Ekelund 297 

et al., 2003). The results of these studies demonstrated that the ciliate strains used were 298 

sensitive to trace metals, and the growth of ciliate species in tests was usually inhibited by 299 

the presence of Cu (Bowers et al. 1997; Campbell et al. 1997; Díaz et al. 2006; Pratt et al. 300 

1997). However, it is not clear how these results extrapolated to the far more complex 301 

physical, chemical and biological environment of soil. 302 

 303 

The present study investigated the effects of Cu on the soil ciliate community at the species 304 

level in soil microcosms. The results demonstrated that 15 days after Cu treatment at a level 305 

of 960 mg kg-1, the abundance of soil ciliates was positively affected. However, no impact of 306 

Cu on soil ciliate abundance in the range of Cu treatments from 0 to 720 mg kg-1 was 307 

recorded. Ekelund et al. (2003) found that in a sandy soil, Cu additions up to 1,000 mg kg-1 308 

did not affect the abundance of all forms of protozoa 14 days after application. Both studies 309 

demonstrate that protozoa are, in general, highly resistant to Cu toxicity, but there is a 310 
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discrepancy in terms of effects on abundance at high Cu concentrations between the 311 

studies. This may suggest that ciliated protozoa are more able to exploit conditions under 312 

high Cu levels than other protozoa. Alternatively, differences in the properties of the soils 313 

used in the two studies may also account for the reported differences in findings and this is a 314 

more likely cause given the influence of soil properties on Cu availability.  315 

 316 

Studies on the tolerance of ciliate species from fresh- and wastewater to heavy metals under 317 

laboratory conditions have shown that whilst some species are sensitive, others are tolerant 318 

(Madoni et al., 1992; Rehman et al., 2008a; Rehman et al., 2010; Shakoori et al., 2004). The 319 

present study demonstrated that this also applies to soil systems; although the species 320 

richness of soil ciliates was not significantly affected by elevated Cu, there was a decrease 321 

in the total number of species from 17 in the control to 12 in the highest Cu treatment. 322 

Halteria grandinella, Kahlilembus attenuatus, and Oxytricha setigera were found to be 323 

amongst the most sensitive species. Of these, H. grandinella showed the greatest sensitivity 324 

to Cu, becoming less frequently found in treatments of 140 mg kg-1 and above, and absent 325 

at treatments of 480 mg kg-1 and above. By contrast, Kreyella minuta, Chilodonella uncinata 326 

and Homalogastra setosa were tolerant to Cu and increased in abundance or frequency at 327 

high treatment levels.  328 

 329 

The rise in the abundance of tolerant species, specifically H. setosa and C. uncinata, was 330 

linked to the significant increase in the number of ciliate cells in the 960 mg kg-1 treatment 331 

compared to the control (303 compared to 126 cell g-1 dry soil, respectively). These two 332 

species clearly not only tolerate high Cu concentration, but also actively benefit from the 333 

changes in the soil induced by Cu treatment. Metal tolerance exhibited by protozoa and 334 

microorganisms relates to their metal resistance mechanisms (Diaz et al., 2006; Martín-335 

González et al., 2006). Cu is tolerated by cells due to a combination of sequestration of free 336 

Cu by metal binding proteins, principally metallothionein (Tibbett et al., 2021; Zahid et al., 337 
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2018) and the efflux of excess Cu via P1B-ATPase pumps (Díaz et al., 2006; Tibbett et al., 338 

2021). Both mechanisms could be contributing to Cu resistance in the species observed to 339 

be tolerant of Cu.  340 

 341 

4.2 Effects of cypermethrin insecticide on the abundance and species richness of soil 342 

ciliates  343 

Laboratory studies have shown that cypermethrin can have negative effects on the 344 

populations and activities of soil bacteria and fungi (Sechi et al. 2014; Tejada et al., 2015). 345 

Despite this impact on soil microorganisms, toxicity testing of pyrethroid insecticides on 346 

protists has been limited to a small number of freshwater species (Dutta, 2015; Friberg-347 

Jensen et al., 2003; Hikal et al., 2015), and (as far as we are aware) the effect of 348 

cypermethrin on soil ciliates has not been reported up to now. Rather than causing a 349 

negative effect on ciliate abundance, the present study has demonstrated that ciliate 350 

abundance increased due to a cypermethrin treatment of 160 mg kg-1. This is consistent with 351 

the findings of Friberg-Jensen et al. (2003), who reported that freshwater ciliate abundance 352 

showed a significant increase with cypermethrin treatment. Cypermethrin can increase 353 

bacterial populations in the soil (Gundi et al., 2005), which may explain the increased 354 

abundance observed in the present study. However, reduced top–down control of ciliates 355 

resulting from the toxic effects of cypermethrin to their predators has been reported in 356 

aquatic systems (Friberg-Jensen et al., 2003), and may also in part explain the oberved 357 

postive effect of cypermethrin on ciliate abundance. 358 

 359 

Homalogatra setosa was favoured in cypermethrin treatments of 80 and 160 mg kg-1, 360 

demonstrating that this species shows a tolerance to both Cu and pesticide contamination, 361 

but its growth in abundance was reversed at the higher cypermthrin concentrations tested. 362 

Indeed, the results strongly suggest that cypermethrin was toxic to H. setosa at 320 mg kg-1 363 
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and 640 mg kg-1, with the latter representing an approximate absolute lethal dose (LD100). As 364 

the abundance of H. setosa fell, the abundance of  C. stenii and C. iflata increased. The 365 

inhibitory effect of cypermethrin on H. setosa may have reduced competition for resources, 366 

facilitating the  increase in abundance of more tolerant species, which may account for the 367 

increase in abundance of C. stenii and C. inflata.  368 

 369 

Although no significant decline in the mean number of ciliate species in the soil was found 370 

due to cypermethrin treatment, a loss of species was detected at high treatment levels; the 371 

total number of species declined from 21 in the control to 12 in the samples from the 640 mg 372 

kg-1 treatment. In addition to H. setosa, the other absent species in the 640mg kg-1 treatment 373 

were Arcuospathidium vermiforme, Halteria grandinella, and Oxytricha setigera, suggesting 374 

that these species also found cypermethrin toxic at this level. However, it is also possible 375 

that changes in the ciliate community reflect changes in the microbial community on which 376 

the ciliates feed. The extent to which the soil microbial community is affected by 377 

cypermethrin is dependent on the dose and the properties of the soil (Tejada et al., 2015), 378 

but impacts are usually still detectable four weeks after application (Sechi et al. 2014; Tejada 379 

et al., 2015). Thus, in our experiment, cypermethrin should still have had an appreciable 380 

effect on the soil microbiology at the 15 day point when samples were taken. As a 381 

consequence, the ciliate community may have been subject to bottom-up effects related to 382 

changes in food supply as well as any direct toxic effect of the cypermethrin. Whilst the lack 383 

of a negative effect on the ciliate abundance suggests that prey supply to the community as 384 

a whole may not have been affected, this does not mean that species with more specialised 385 

feeding niches were not affected.  386 

 387 

The present study also demonstrated that several ciliate species are highly tolerant to 388 

cypermethrin and are able to take advantage of the environmental changes it induced, most 389 

notably C. steinii and Pseudoplatyophrya nana. Petz and Foissner (1989) found that almost 390 
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all active ciliate cells in experimental plots 90 days after the insecticide lindane was applied 391 

at high dose were from two species, C. steinii and P. nana. Hence, both species appear to 392 

have a particular tolerance to pesticides and can benefit from their application. 393 

 394 

4.3 Ecological consequences of Cu and cypermethrin pollution 395 

Protozoa are ubiquitous in soils and can dominate the soil bacterivore community under 396 

certain favourable conditions (Bonkowski et al., 2009), i.e. high bacterial numbers and 397 

sufficient soil pore water (Clarholm et al. 2007). Protozoa play a particularly important role in 398 

releasing nutrients and organic matter from the bacterial community due to the cursory 399 

digestion of ingested food, which leads to the excretion of high-quality organic matter 400 

(Clarholm et al. 2007). The robustness that the ciliate community has shown to perturbation 401 

by two common soil pollutants demonstrated that a very high level of pollution would be 402 

required to disrupt the important ecological functions of the community. To further illustrate 403 

this point, whilst Cu concentrations higher than those used in the present study can be found 404 

in contaminated soils, typical concentrations are in the range of 14 to 109 mg kg-1. Hence, a 405 

several fold increase in background concentrations would be required to affect the ciliate 406 

community. In the case of cypermethrin, typical concentrations in agricultural soils are far 407 

lower than those used in the present study, ranging between 34 to 70 µg kg-1 (Han et al., 408 

20178; Pelosi et al., 2021). Consequently, gross over application or accidental release would 409 

be required to reach the concentrations used in the present study. 410 

 411 

Despite the robustness shown by the community as a whole, species were found within the 412 

community that were sensitive to high concentrations of both Cu and cypermethrin. The loss 413 

of these species from the community and the observed increase in the abundance of tolerant 414 

species, demonstrated that high concentrations of both pollutants can alter the structure of 415 

the ciliate community. Individual ciliate species can respond to changes in the environment 416 
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that lead to the development of a suitable niche, which can lead to rapid increases in 417 

population of previously cryptic species (Finlay et al., 1997; Finlay and Esteban, 1998). 418 

Consequently, the increased abundance of tolerant species may have indicated that there 419 

had been shifts in their niche boundaries.  Such a shift(s) could have arisen from the loss of 420 

sensitive species releasing resources, such as nutrients, as interspecific competition is 421 

reduced; to changes in the microbial community on which the ciliates preyed; the loss or 422 

reduction in ciliate predators, or a combination of all three.  423 

 424 

Protozoan species can differ in their feeding strategies and food types (Esteban and 425 

Fenchel, 2020; Thurman et al., 2010). Hence, alteration in the composition of the ciliate 426 

community could potentially lead to a modification in the nature of the grazing pressure on 427 

the bacterial community. This in turn may influence nutrient cycling in the microbial loop. 428 

Consequently, investigation into the effect of soil pollution on the interaction between soil 429 

bacteria and ciliates is warranted.  430 

 431 

5. Conclusions 432 

Low treatment concentrations of both Cu and cypermethrin had no effect on the abundance 433 

of soil cilates. Higher concentrations of both substances (960 kg kg-1 in the case of Cu and 434 

160 to 320 mg kg-1 for cypermethrin) increased ciliate abundance in the soil microcosms, but 435 

this positive effect was lost at the highest concentration for cypermethrin (640 km kg-1). High 436 

concetrations of Cu and cypermethrin were also required to cause changes in the soil ciliate 437 

community structure under microcosm conditions. These changes manifested as a 438 

simplifcation of the ciliate community due to a loss of sensitive species. Concurrent with this 439 

was an increase in the abundance of tolerant, opportunistic species, which resulted in an 440 

overall increase in ciliate numbers, except at the highest cypermethrin treatment. Future 441 
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work is required to determine whether the effects on the cilate community resulted from 442 

bottom-up, top-down or a combination of both forms of control. 443 

 444 
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Tables 

Table 1. Selected physico-chemical parameters of the topsoil prior to treatment with copper 619 

and cypermethrin. Values are means ± 1SE (n = 5). 620 

   621 
Physico-chemical 

parameter 

Content in soil 

pH (H2O) 6.48 ± 0.04 

Sand (%) 77.30 ± 0.16 

Silt (%) 14.07 ± 0.16 

Clay (%) 8.63 ± 0.20 

Loss on ignition (%) 17.02 ± 0.33 

Total C (%) 6.49 ± 0.13 

Total N (%) 0.25 ± 0.01 

Total P (mg kg-1) 408.23 ± 5.19 

Total K (mg kg-1) 429.82 ± 3.04 

Total Cu (mg kg-1) 8.75 ± 0.30 

Available Cu (mg kg-1) 0.10 ± 0.01 



26 
 

Table 2. The mean (± 1 SE) abundance (cells g-1 soil) of ciliate species showing marked 622 

change 15 days after the treatment of soil with copper (mg kg-1 soil). 623 

Cu treatment Homalogastra setosa Chilodonella uncinata 

Control 50.0 ± 7.28 21.68 ± 6.96 

960 mg kg-1 100.57 ± 12.71 176.3 ± 28.89 

F (1, 6) 11.54 27.06 

Sig p = 0.015 p = 0.002 

 624 
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Table 3. Ciliate species isolated from soil microcosms 15 days after the application of copper treatments. Each replicate that the species 

was found in is represented by +.  

Species Control 35 mg kg-1 70 mg kg-1 140 mg kg-1 240 mg kg-1 480 mg kg-1 720 mg kg-1 960 mg kg-1 

Acineria sp.   ++ +  +   

Arcuospathidium vermiforme Foissner, 1984 ++++ 

= 

++++ ++++ +++ ++++ +++ + ++ 

Blepharisma sp.    +     

Chilodonella uncinata (Ehrenberg,1838) Strand, 1928 +++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

Cinetochilum margaritaceum (Ehrenberg, 1831) Perty, 1849 +        

Colpoda cucullus (Miiller, 1773) Gmelin, 1790 + +       

Colpoda inflata (Stokes, 1884) Kahl, 1931 ++ + +++ ++ ++ ++ + ++ 

Colpoda steinii Maupas, 1883      + ++ + 

Cyrtolophosis mucicola Stokes, 1885 ++ +++ ++++ ++++ +++ ++ +++ ++++ 

Drepanomonas revoluta Penard, 1922    +     

Gastrostyla steinii Engelmann, 1862       +  

Gonostomum affine (Stein, 1859) Sterki, 1878 +++ +++ ++ ++++ ++ +++ +++ ++ 

Halteria grandinella (Muller, 1773) Dujardin, 1841 ++ ++ +++ + +    

Hemisincirra  filiformis (Foissner, 1982) Foissner, 1984 ++   +  +   

Hemisincirra gellerti (Foissner, 1982) Foissner, 1984 ++ ++++ ++++ + ++++ ++++ ++++ ++ 

Homalogastra setosa Kahl, 1926 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

Kahlilembus attenuates (Smith, 1897) Foissner, Berger & Kohmann, 1994 ++ ++ ++ ++ ++ ++++ +  

Kreyella minuta Foissner, 1979  + +  + +  ++++ 

Oxytricha setigera Stokes, 1891 ++++ ++++ ++++ ++ ++++ ++ +  

Oxytricha sp.       +  

Paragonostomum binucleata Foissner, Agatha & Berger, 2002    +     

Platyophrya vorax Kahl, 1926 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

Sathrophilus muscorum (Kahl, 1931) Corliss, 1960 ++  + + ++ +  + 

Steinia platystoma (Ehrenberg, 1831) Diesing, 1866  +       

Trachelophyllum sp. + +  +     

Vorticella astyliformis Foissner, 1981 +  +  +  ++ + 

Total species* 17 15 15 18 14 16 14 12 

* Total species recorded from soil samples incubated 4 and 10 days and subsequent enrichment cultures 
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Table 4. The mean (± 1 SE) abundance (cells g-1 soil) of ciliate species showing marked change 15 days after the treatment of soil with 

cypermethrin (mg kg-1 soil). 

Cypermethrin 

treatment 

Homalogastra 

setosa 
Colpoda steinii Colpoda inflata 

Control 157.10 ± 45.32 Not present Not present 

80 mg kg-1 307.67 ± 78.26 6.52 ± 1.26 5.52 ± 1.26 

160 mg kg-1 615.82 ± 84.74 18.06 ± 4.09 11.54 ± 5.64 

320 mg kg-1 5.52 ± 3.41 278.06 ± 83.13 216.32 ± 64.87 

F (2, 9) 10.68 55.86 17.44 

Sig  p = 004 p < 0001 p = 0001 
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Table 5. Ciliate species isolated from soil microcosms 15 days after the application of cypermethrin treatments Each replicate that the species 

was found in is represented by +  

 

Species* Control 10 mg kg-1 20 mg kg-1 40 mg kg-1 80 mg kg-1 160 mg kg-1 320 mg kg-1 640 mg kg-1 

Arcuospathidium vermiforme Foissner, 1984 ++++ ++++ ++++ ++++ ++++ +++ +  

Chilodonella uncinata (Ehrenberg,1838) Strand, 1928 +++ ++++ ++++ ++++ +++ ++++ ++ ++++ 

Cinetochilum margaritaceum (Ehrenberg, 1831) Perty, 1849 +    +    

Colpoda cucullus (Miiller, 1773) Gmelin, 1790  +  + +  + + 

Colpoda inflata (Stokes, 1884) Kahl, 1931 +++ ++++ ++++ ++ +++ ++++ ++++ ++++ 

Colpoda steinii Maupas, 1883 + ++++ +++ ++ ++++ ++++ ++++ ++++ 

Cyrtolophosis mucicola Stokes, 1885 ++++ ++++ ++++ ++++ +++ ++++ +++ ++++ 

Gastrostyla steinii Engelmann, 1862  + + ++++  +++ +++  

Gonostomum affine (Stein, 1859) Sterki, 1878 ++++ ++ ++++ ++++ ++++ ++++ ++++ ++++ 

Gonostomum sp.      + + ++++ 

Grossglockneria acuta Foissner, 1980 +        

Halteria grandinella (Muller, 1773) Dujardin, 1841 + ++ + + ++    

Hemisincirra  filiformis (Foissner, 1982) Foissner, 1984 +    +    

Hemisincirra gellerti (Foissner, 1982) Foissner, 1984 + ++++ ++++ ++++ + ++++ ++ +++ 

Hemisincirra  interupta (Foissner, 1982) Foissner, 1984 + ++ +++  ++++ +++ +++ ++ 

Homalogastra setosa Kahl, 1926 ++++ ++++ ++++ ++++ ++++ ++++ +  

Kahlilembus attenuates (Smith, 1897) Foissner, Berger & Kohmann, 1994 +  ++ +++ +    

Kreyella minuta Foissner, 1979 + ++ ++ +  +   

Lepthopharynx costatus Mermod, 1914    ++ + +   

Oxytricha setigera Stokes, 1891 ++++ +++ ++++ ++++ ++++ +++   

Oxytricha sp1. +        
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Oxytricha sp2.       +  

Paragonostomum binucleata Foissner, Agatha & Berger, 2002   ++  +++    

Platyophrya vorax Kahl, 1926 ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 

Podophrya sp.       +  

Pseudoplatyophrya nana (Kahl, 1926) Foissner, 1980      + + ++++ 

Pseudoholophrya sp.   + + +    

Sathrophilus muscorum (Kahl, 1931) Corliss, 1960 +++ ++++ ++ ++++ +++ + ++++ + 

Spathidium longicaudatum (Buitkamp & Wilbert,1974) Buitkamp,1977 +    + +   

Spathidium spathula (Muller, 1773) Moody, 1912  +    +   

Sterkiella histriomuscorum Foissner et al., 1991       +  

Trachelophyllum sp.  ++ + ++ ++    

 
Urosomoida agiliformis Foissner, 1982     +    

Vorticella astyliformis Foissner, 1981 ++ + ++ + +++  +  

Total species 21 19 20 20 24 19 19 12 

 * Total species recorded from soil samples incubated 4 and 10 days and subsequent enrichment cultures 
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Figures 

 

Figure 1. The abundance (cells g-1 soil) of ciliates (mean ± 1 SE) 15 days after the 

application of copper treatments (mg kg-1 soil) to soil. Treatments with same letters 

are not significantly different. 
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Figure 2. The total species richness of ciliates (mean ± 1 SE) in found in soil 

following treatment of the soil with Cu (mg kg-1 soil). No significant differences 

among treatments were found. 
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Figure 3. The abundance (cells g-1 soil) of ciliates (mean ± 1 SE) 15 days after the 

application of cypermethrin treatments (mg kg-1) to the soil. Treatments with same 

letters are not significantly different 
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Figure 4. The total species richness of ciliates (mean ± 1 SE) in found in soil 

following treatment of the soil with cypermethrin (mg kg-1 soil). Treatments with the 

same letter are not significantly different. 
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