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Agricultural pesticide use and its associated environmental harms is widespread throughout much of the world. Efforts to mitigate this harm have largely been focused on reducing pesticide contamination of the water and air, as runoff and pesticide drift are the most significant sources of offsite pesticide movement. Yet pesticide contamination of the soil can also result in environmental harm. Pesticides are often applied directly to soil as drenches and granules and increasingly in the form of seed coatings, making it important to understand how pesticides impact soil ecosystems. Soils contain an abundance of biologically diverse organisms that perform many important functions such as nutrient cycling, soil structure maintenance, carbon transformation, and the regulation of pests and diseases. Many terrestrial invertebrates have declined in recent decades. Habitat loss and agrichemical pollution due to agricultural intensification have been identified as major driving factors. Here, we review nearly 400 studies on the effects of pesticides on non-target invertebrates that have egg, larval, or immature development in the soil. This review encompasses 275 unique species, taxa or combined taxa of soil organisms and 284 different pesticide active ingredients or unique mixtures of active ingredients. We identified and extracted relevant data in relation to the following endpoints: mortality, abundance, biomass, behavior, reproduction, biochemical biomarkers, growth, richness and diversity, and structural changes. This resulted in an analysis of over 2,800 separate “tested parameters,” measured as a change in a specific endpoint following exposure of a specific organism to a specific pesticide. We found that 70.5% of tested parameters showed negative effects, whereas 1.4% and 28.1% of tested parameters showed positive or no significant effects from pesticide exposure, respectively. In addition, we discuss general effect trends among pesticide classes, taxa, and endpoints, as well as data gaps. Our review indicates that pesticides of all types pose a clear hazard to soil invertebrates. Negative effects are evident in both lab and field studies, across all studied pesticide classes, and in a wide variety of soil organisms and endpoints. The prevalence of negative effects in our results underscores the need for soil organisms to be represented in any risk analysis of a pesticide that has the potential to contaminate soil, and for any significant risk to be mitigated in a way that will specifically reduce harm to soil organisms and to the many important ecosystem services they provide.
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INTRODUCTION

Soils are arguably the most complex and biodiverse ecosystems on earth, containing nearly a quarter of the planet’s diversity (Ram, 2019). A handful of soil contains an estimated 10 –100 million organisms belonging to over 5,000 taxa (Ramirez et al., 2015), only a small percentage of which have been described (Adams and Wall, 2000). A typical functional soil community is comprised of hundreds to thousands of species of macroinvertebrates and nematodes as well as a vast abundance of microorganisms, including hundreds of fungal and thousands of bacterial species (Bardgett and van der Putten, 2014; Ram, 2019; Singh et al., 2019).

Soil invertebrates perform a variety of different ecosystem services essential for agricultural sustainability. Soil biodiversity enables self-perpetuating ecosystem functions that fuel specialized processes such as soil structure maintenance, nutrient cycling, carbon transformations, and the regulation of pests and diseases (Balvanera et al., 2006; Perrings et al., 2006; Kibblewhite et al., 2008; Chagnon et al., 2015). Burrowing activity by soil organisms modifies soil porosity by increasing aeration, water infiltration and retention, and reducing compaction (Pisa et al., 2015; Ram, 2019). Earthworms alone can construct up to 8,900 km of channels per hectare, decreasing soil erosion by 50% via increased soil porosity and water infiltration (Blouin et al., 2013; Gaupp-Berghausen et al., 2015). Nutrients travel through multiple soil layers by means of foragers, tunnelers, and ground-nesting insects including beetles, ground-nesting bees, ants, and termites (Stork and Eggleton, 1992; Willis Chan et al., 2019), and detritivores like nematodes, springtails, earthworms, millipedes, and woodlice, transform decaying material and minerals into usable forms, cycle nutrients, and increase soil fertility (Stork and Eggleton, 1992; Kibblewhite et al., 2008; Ram, 2019). For example, nematodes and mites enable nitrogen mineralization by feeding on fungal roots and stimulating and regulating microbial activity (Stork and Eggleton, 1992). Dead invertebrates decay and add nitrogen to the soil (Stork and Eggleton, 1992). Soil invertebrates also form up to half of all soil aggregates by breaking down litter and releasing organically rich casts and feces (Stork and Eggleton, 1992). The formation of these large soil aggregates allows for greater soil carbon sequestration, thus these ecosystem engineers play a role in offsetting fossil fuel emissions and combating climate change (Lal, 2004a, b; Lavelle et al., 2006; Dirzo et al., 2014).

Many soil invertebrates also play a role in controlling agricultural pests. Nematodes and mites are used in targeting disease-related bacteria in crops (Stork and Eggleton, 1992; Kibblewhite et al., 2008; Ram, 2019). Predators and parasitoids, such as beetles and parasitic wasps prey on arthropods that interfere with crop production (Stork and Eggleton, 1992; Gill et al., 2016), and herbivorous soil insects can eat the seeds of undesirable plants selectively over crop seeds, reducing the spread of aggressive weeds (Honek et al., 2003).

Increases in land conversion and agricultural intensification accelerate the loss of soil biodiversity and, as a result, have contributed to the reduction of approximately 60% of soil ecosystem services (Díaz et al., 2006; Veresoglou et al., 2015; Singh et al., 2019). Many insects that depend on soil for portions of their life cycle, like ground beetles and ground-nesting bees, as well as terrestrial insects and mites in North America, have declined greatly in recent decades (Forister et al., 2019; Sánchez-Bayo and Wyckhuys, 2019; van Klink et al., 2020; Sullivan and Ozman-Sullivan, 2021). Habitat loss due to agricultural intensification and pollution, primarily from synthetic agricultural pesticides and fertilizers, are thought to be the major driving factors in recent insect declines and are an increasing threat (Hallmann et al., 2017; Forister et al., 2019; Seibold et al., 2019; Sánchez-Bayo and Wyckhuys, 2019; Miličić et al., 2020). In a 2019 survey of member countries of the Food and Agriculture Organization of the United Nations (FAO), overuse of chemical control mechanisms (e.g., pesticides, antibiotics, etc.) was identified as the most impactful practice that has been driving the loss of soil biodiversity in the last 10 years (FAO, 2020).

From 1992 to 2014, DiBartolomeis et al. found that increased use of neonicotinoid insecticides and the environmental persistence of those insecticides drove a 48- and 4-fold increase in oral and contact toxicity load, respectively, for insects in agricultural environments using the European honeybee Apis mellifera L. as a proxy species (DiBartolomeis et al., 2019). The study focused on honeybees because they are the most extensively studied non-target insect within United States agroecosystems; in fact, they are the only terrestrial invertebrate for which the United States Environmental Protection Agency (EPA) requires testing during pesticide registration (Legal Information Institute, 2020). However, the results of this study also signify an increasing threat to soil invertebrates. Neonicotinoid insecticides accounted for 92% of the increase in invertebrate toxicity loading (DiBartolomeis et al., 2019), and 60% of neonicotinoid use is through seed treatments and soil application as of 2011 (Jeschke et al., 2011). Neonicotinoid seed treatments are estimated to be used in over half of soybean acres and nearly all non-organic corn grown in the United States (Douglas and Tooker, 2015; Mourtzinis et al., 2019). Because 80% or more of the active ingredients from neonicotinoid seed treatments remain in the soil (Sur and Stork, 2003; Alford and Krupke, 2017) soil organisms in these systems are likely to be exposed to high doses of these insecticides.

Large-scale use of seed-applied fungicides presents another risk, as almost all United States corn is also treated with seed-applied fungicides (Lamichhane et al., 2019). In addition to the pesticides that are currently on the market, several new seed- and soil-applied pesticide active ingredients are currently going through the registration process in the United States, such as the pyrazolecarboxamide fungicide inpyrfluxam (U.S. EPA, 2020a), the diamide insecticide tetraniliprole (U.S. EPA, 2020d), and the novel insecticide broflanilide (U.S. EPA, 2020c).

The trend toward wider use of soil-applied pesticides — both individually and in combination with other active ingredients — will likely continue to grow. While soil organisms are at particular risk from exposure via direct soil applications, they can also be exposed to pesticides through other routes, such as drift from foliar sprays (Sánchez-Bayo, 2011), inclusion of pesticides in irrigation water (Sánchez-Bayo, 2011), or absorption of pesticides into plant tissue that eventually returns to the soil through senescence of crop residues (Doublet et al., 2009). As this threat to soil organisms increases, it is important to strive for a more complete understanding of the impacts of all pesticides on soil invertebrates.

The word “pesticide” is an umbrella term used to describe an agent that targets a pest — in plant agriculture a pest is defined as an organism that causes harm to crops through direct damage or competition for nutrients and water — and includes insecticides, herbicides, fungicides, and bactericides, among others. Most review papers assessing pesticide impacts to soil organisms have focused on the environmental risks of specific classes of pesticides (Biondi et al., 2012; Pisa et al., 2015; Douglas and Tooker, 2016; Wood and Goulson, 2017), specific taxa affected (da Silva Souza et al., 2014; Pelosi et al., 2014; Römbke et al., 2017), or have analyzed only lab data (Frampton et al., 2006) or field data (Jänsch et al., 2006), making it difficult to identify big-picture trends and hazards that are necessary to inform general pesticide policy. To the best of our knowledge, there has only been one comprehensive overview on the effects of pesticides on a wide variety of soil organisms (Puglisi, 2012), which focused on soil microorganisms, particularly bacteria and fungi. Here we present a review focused on how broad types of pesticides affect the health of soil invertebrates. Given the scope of such a review, special attention is also paid to general effect trends among pesticide classes, taxa, and endpoints, as well as data gaps that should be addressed. Considering the key ecosystem services performed by soil invertebrates and the increase in the use of seed- and soil-applied pesticides, one of our objectives is to understand the overall hazard that pesticides pose to soil invertebrates to inform whether they should be included in regulatory ecotoxicological risk assessment to ensure that environmental harm is adequately estimated.



METHODS


Literature Search Methods

We conducted a preliminary literature search using Google Scholar to assess the impacts of pesticides on soil organisms. We used the following search terms: (pesticide OR herbicide OR insecticide OR fungicide) AND (soil OR terrestrial OR non-target OR invertebrate) to identify review papers that could be mined for further resources. The soil taxa included in the corresponding bibliographies informed more specific search terms for a second round of literature search combining (pesticide OR herbicide OR insecticide OR fungicide, and the three bactericides approved for agriculture in the United States, streptomycin, kasugamycin, and oxytetracycline, were also used as keywords) with taxa-specific search terms. To ensure an exhaustive search, multiple, diverse strings of keyword searches were used in the following databases and journals between the dates of October 2019 and January 2020; Agricola, Agris, Wiley-Blackwell, Directory of Open Access Journals, Karger, PubMed, Nature, SpringerLink, Environmental Toxicology and Chemistry, Chemosphere, Ecotoxicology and Environmental Safety, Ecotoxicology, Applied Soil Ecology, European Journal of Soil Biology, Environmental Pollution, Soil and Tillage Research, Pesticide Biochemistry and Physiology, Science Direct/Elsevier, Jstor, PlosOne, Frontiers. The title and abstract of each identified paper were briefly scanned for relevance. From this we identified 1,028 studies. After further reviewing all abstracts, the number of studies was reduced to 394 (see Supplemental References). The majority of removed studies did not meet our inclusion criteria (outlined below) and a small number of studies could not be accessed, were not in English, or were not an original study. We separated studies conducted in a laboratory from those conducted in a field setting and present each as such. Some studies were conducted in both the laboratory and the field and, in those cases, the individual tested parameters in each study were designated as being done either in the laboratory or field.



Criteria and Relevance

For inclusion in this review, we established the following criteria: (1) The studied organism must be a soil-dwelling terrestrial invertebrate (see definition below) - aquatic organisms or terrestrial microbial organisms, such as bacteria and fungi, were not in the scope of our review; (2) The study must include soil-dwelling organisms that are not target invertebrates or common agricultural pests (for example, thrips, snails, or root feeding beetle larvae); (3) The pesticide studied must not be banned in the United States; and (4) The study must look at pesticide effects on non-target organism(s) with measurable endpoints. We did not include studies that focused on the behavior of pesticides, which includes the topics of sorption, transport, runoff, volatilization, degradation, dissipation, half-life, persistence, and leaching. While these interactions in the soil are necessary to understanding the environmental fate of pesticides, they are beyond the scope of this review. We also did not include studies that dealt with the efficacy of ecotoxicity testing methods, such as species-specific sensitivity, recommendations for test protocols, or new technologies for data collection.



Pesticides

Pesticides were limited to any agricultural insecticide, fungicide, herbicide, or bactericide that is not currently banned in the United States, using (Donley, 2019) to identify banned pesticides. This was done to exclude mainly legacy pesticides that are no longer subject to regulatory review in many parts of the world. We only included data on parent pesticide molecules and not their degradates or metabolites. We included studies done on formulations of pesticides as well as on individual active ingredients. Studies with two or more pesticide active ingredients applied together were categorized as mixtures and included in our analysis. Studies on fertilizers, genetically modified organisms, living pesticidal organisms, antibacterial agents not used in crop production, or any chemical not registered through the United States EPA as a pesticide were outside of the study scope. We only included studies on common veterinary medicines, such as abamectin, if the chemical was applied as a pesticide to plants and not directly to livestock. We included all soil studies on the antibiotics oxytetracycline, kasugamycin, and streptomycin, because they are the only antibiotics currently approved for agricultural application to crops in the United States.



Soil Organisms

We defined soil organisms as any non-target invertebrate that has egg, larval, or immature development in the soil (Paoletti and Purrington, 1991). We excluded taxa from our data when there was any uncertainty of the location of the egg, larval, and/or immature development of the organism. Many soil-associated invertebrates such as various species of Arachnids, Diptera, or Hymenoptera were therefore not included. In addition, no aquatic organisms or terrestrial microbial organisms such as bacteria and fungi were included. The soil organisms that fit our criteria from the relevant studies are organized by taxa in the Results section and include Oligochaeta (earthworms), Enchytraeidae (potworms), Nematoda (roundworms), Tardigrada (water bears), Acari (mites), Myriapoda (centipedes and millipedes), Isopoda (woodlice), Collembola (springtails), Protura (coneheads), Isoptera (termites), Coleoptera (beetles), Formicidae (ants), Bombus spp. (bumble bees), other ground-nesting bees, and parasitic wasps, as well as various combinations of these taxa studied together.



Organization of Data, Definition of “Tested Parameter,” and Determination of Effects

We identified and extracted the relevant tested parameters in each study. A “tested parameter” was defined as a unique combination of the following variables: pesticide, organism, and endpoint. All tested parameters measured a specific endpoint following exposure of a specific organism to a specific pesticide. For instance, if a study tested how three different pesticides (chlorpyrifos, imidacloprid, and permethrin) affected two endpoints (mortality and DNA damage) on one species (Caenorhabditis elegans), then we would be able to extract six unique tested parameters, any of which could result in a negative effect, positive effect or no significant effect to the tested species. To manageably organize the data, we distilled variables other than “pesticide,” “endpoint,” or “species” into one tested parameter as often as possible. In studies that analyzed multiple substrates, we only entered data from soil tests but also included studies if they only utilized surrogate substrates, such as filter paper. Similarly, if there were multiple time periods utilized to determine LC50 or EC50, we reported data from only the standard 48 h or seven days, whichever was relevant. If there were multiple soil types, temperatures, pesticide concentrations, or moisture contents, we extracted the full data range rather than separating each variable as its own tested parameter. For instance, if three different concentrations of chlorpyrifos were tested on C. elegans mortality, only one tested parameter was recorded. If any of the three concentrations caused a positive or negative effect on C. elegans mortality, then the tested parameter was categorized as having a positive or negative effect. If all three concentrations caused no significant effect, then it was categorized as having no effect.

We considered an effect negative or positive if the authors reported a statistically significant change from that of the control. If a study reported an effect on an endpoint over a time course, we considered the effect positive or negative if there was a significant effect in any of the tested times (e.g., earthworms significantly affected three out of ten days or one out of six years). An effect was considered “positive” if there was an unambiguous benefit to the organism from the associated effect, such as an increase in abundance or reproduction compared to control. All other significant changes were categorized as “negative.” Tested parameters that measured biochemical biomarker endpoints were always considered “negative” if there was any significant change compared to the control. A small minority of studies lacked statistical analyses. For instance, some studies used specific thresholds to determine significance (e.g., < 15% reduction in survival equaled no effect, or exposure exceeding 5% of LD50 was a negative effect). In these rare cases, we scored each tested parameter as “no effect,” “negative effect,” or “positive effect” based on the authors’ conclusions.



Organization of Endpoints

We classified tested endpoints into nine major categories that measured the following:


1.Mortality — survival and/or average lifespan.

2.Abundance — number of individuals and/or activity-density.

3.Biomass — weight of organisms.

4.Behavior — behavioral responses, including avoidance, mounding or burrowing activity, litter decomposition, food consumption and predation on or parasitism of target pests, cast or fecal production, locomotor functioning, defensiveness and aggression, and foraging and flight efficiency.

5.Reproduction — fecundity, reproductive anatomy and function, and offspring production, including egg laying rate, hatching rate, juvenile number, larval ejection, ovary development and sperm deformation, sex ratio, brood number and production, sterility, and viable brood cells.

6.Biochemical biomarkers — biochemical or molecular responses from toxic exposure, including oxidative stress (ROS), enzymatic, protein, and lipid activity or content, gene expression, cellular energy allocation or energy available, mitochondrial response, metabolism, neutral red retention time (NRRT), DNA damage, and synapsin levels.

7.Growth — weight and development of individuals, including adults and juveniles, molting rate, larval growth, and cocoon production.

8.Richness and diversity — community structure and composition, including richness, diversity, and evenness.

9.Structural changes — visible, physical histological and/or morphological changes, such as damage to the epidermis.






RESULTS


Non-target Effects of Pesticides on Soil Invertebrates Overall

A total of 394 laboratory and field studies fit our criteria, yielding 2,842 tested parameters representing 275 unique species, taxa, or combined taxa of soil organisms and 284 different pesticide active ingredients or unique mixtures of active ingredients. The majority of studies (257) tested the impact of insecticides on 1,592 tested parameters, followed by herbicides, fungicides, bactericides, and pesticide mixtures with 67, 55, 49, and 2 studies looking at 541, 465, 218, and 26 tested parameters, respectively. We present the negative and positive effect percentages below, and the percentage of parameters with no significant effect can be gleaned from these values, as the total percentage always equals 100%.

Overall, we found that pesticides negatively affected 70.5% and positively affected 1.4% of tested parameters (Table 1). By pesticide type, 74.9% of tested parameters were negatively affected by insecticides, 63.2% by herbicides, 71.4% by fungicides, 57.7% by bactericides, and 56.4% by pesticide mixtures (Table 1). The impact of pesticide mixtures depended on the type; of the 49 mixtures, those consisting of insecticides negatively affected tested parameters 83.7% of the time compared to 61.5, 38.6, and 49.5% caused by herbicide mixtures, fungicide mixtures, and cross pesticide mixtures, respectively.


TABLE 1. The number of tested parameters (# par.) and the percentage that resulted in negative effects (% neg.) to each soil taxa after exposure to different pesticide types.
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Overall, insecticides, herbicides, fungicides, and mixtures each negatively affected a similar number of parameters in the laboratory setting – roughly 80% (Figure 1). Comparatively, studies conducted in the field generally resulted in fewer significant negative impacts, with insecticides negatively impacting about 60% of tested parameters, fungicides 40%, and herbicides 30% (Figure 1). Bactericides generally resulted in fewer negative results in lab studies; however, they were underrepresented compared to other pesticide types.
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FIGURE 1. Percentage of tested parameters showing negative, positive, and no significant effects on soil invertebrates for each pesticide type from laboratory studies, field studies, and total studies.


Organophosphates and neonicotinoids were the most studied classes of insecticides; of herbicides, phosphonoglycines (glyphosate) and triazines; and of fungicides, inorganic compounds such as copper and zinc, as well as conazoles (Supplementary Table 1). Among these, organophosphate, neonicotinoid, pyrethroid and carbamate insecticides, amide/anilide herbicides, and benzimidazole and inorganic fungicides negatively affected soil taxa more than 70% of the time (Figure 2).
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FIGURE 2. Percentage of tested parameters showing negative, positive, and no significant effects on soil invertebrates for all pesticides studied and for individual pesticide types and classes.


Of endpoint categories, structural changes and biochemical biomarkers were the most impacted by pesticides followed by reproduction, mortality, behavior, growth, richness and diversity, abundance, and lastly, biomass (Table 2). Insecticides, fungicides, and pesticide mixtures had a greater than 70% negative effect on mortality endpoints; insecticides and fungicides on reproduction; fungicides on growth; and insecticides on behavior (Table 2). Supplementary Table 2 presents the effects of the most studied classes on the endpoint categories.


TABLE 2. The number of tested parameters (# par.) and the percentage that resulted in negative effects (% neg.) on each endpoint category tested in soil invertebrates after exposure to different pesticide types.
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Overall trends by taxa revealed that Coleoptera (beetles) were more negatively affected by insecticides (79.3% of tested parameters) than herbicides (23.7%) or fungicides (4.6%) (Table 1). Of insecticides, neonicotinoids were the most detrimental to Coleoptera, with 91.5% of tested parameters being negatively affected, while pyrethroids were lowest at 50% (Supplementary Table 1). Eighty-four to 90% of tested parameters in Oligochaetes (earthworms) were negatively affected by the most-studied classes of insecticides, yet insecticides of less-studied classes (“other” category) resulted in a lower proportion of negative effects (55.4%) (Supplementary Table 1). Amide/anilide herbicides and benzimidazole fungicides were especially harmful to earthworms (Supplementary Table 1). Enchytraeids (potworms) were one of the only taxa that were more negatively impacted following exposure to herbicides (87.8% of tested parameters) and fungicides (83.1%) than insecticides (71.1%) (Table 1). Collembola were more negatively affected when exposed to fungicides (82.4%) than insecticides (74.5%) or herbicides (65.2%), at least in lab tests (Table 1).



Laboratory Studies

A total of 281 studies with 1,789 tested parameters conducted in the lab fit our criteria. The endpoints most studied in the lab were biochemical biomarkers (541), mortality (510), reproduction (343), behavior (195), growth (164), and structural changes (36) (Supplementary Table 3). Of taxa, earthworms (Oligochaeta) accounted for 60.4% (1,080) of the tested parameters in lab studies. Collembola, Isopoda, Acari, and Bombus spp. were also well-represented. There were fewer than 30 tested parameters for the remaining taxa – Coleoptera, Formicidae, parasitic wasps, non-Bombus ground-nesting bees, Isoptera, and Nematoda. Pesticides negatively affected 81.0%, positively affected 0.1%, and did not significantly affect 18.9% of tested parameters in laboratory studies (Supplementary Table 3).



Field and Semi-Field Studies

A total of 122 studies containing 1,053 tested parameters conducted in a field or semi-field setting fit our criteria. There were 51 studies conducted within Europe, 30 in the United States, eight in Australia, seven in Canada, and five or less in Argentina, Brazil, Cameroon, Columbia, Egypt, India, Japan, Madagascar, Mexico, New Zealand, Sri Lanka, South Africa, and Yemen. The endpoints most studied in field settings were abundance (408), mortality (204), behavior (194), reproduction (66), growth (66), biomass (55), richness and diversity (34), and biochemical biomarkers (26) (Supplementary Table 4). Coleoptera was the most studied taxon in field studies (245 tested parameters), followed closely by Oligochaeta (241 tested parameters). Acari, Collembola, Bombus spp., non-Bombus ground-nesting bees, and Formicidae were also relatively well-represented. There were fewer than 30 tested parameters for the remaining taxa – parasitic wasps, Isopoda, Isoptera, Nematoda, Tardigrada, and Myriapoda. Additionally, 56 tested parameters were associated with mixed organism groups. Pesticides negatively affected 52.6%, positively affected 3.6%, and did not significantly affect 43.8% of the field study tested parameters (Supplementary Table 4).


Annelida


Oligochaeta (earthworms) and Enchytraeids (potworms) lab studies

Enchytraeids (potworms) were analyzed in 38 lab studies with 159 tested parameters, of which pesticides negatively affected 84.3%. Specifically, insecticides negatively affected 75.0%, herbicides 89.6%, fungicides 86.3%, and bactericides 50.0% of tested parameters. Of endpoints, pesticides negatively affected biochemical biomarkers, reproduction, survival, and behavior 81.3%, 87.2%, 84.4%, and 90.9% of the time (Supplementary Table 3). Two tested parameters analyzed growth, with copper oxychloride negatively affecting worm body mass and a mixture of epoxiconazole and dimoxystrobin having no effect (Bart et al., 2017).

All other Oligochaetes, primarily Lumbricidae, but also Eudrilidae, Glossoscolecidae, Megascolecidae, and Moniligastridae were analyzed in 179 lab studies with 1,080 tested parameters. Of these, pesticides negatively affected 85% (Supplementary Table 3). Specifically, insecticides negatively affected 89.0%, herbicides 79.3%, fungicides 82.2%, bactericides 54.5%, and pesticide mixtures 83.3% of tested parameters (Supplementary Table 5). Biochemical biomarkers, which included subcellular events such as enzyme activity, membrane stability, gene expression, metabolism, DNA damage, and general oxidative stress, were the most studied parameters and were negatively affected in 85.5% of 408 tested parameters (Supplementary Table 3). Pesticides negatively impacted earthworm survival, reproduction, growth, and structural changes in 87.7, 82.7, 79.4, and 97.1% of corresponding tested parameters, respectively (Supplementary Table 3). Behavior, which included feeding rate, activity, burrowing, cast production, litter decomposition, avoidance, and respiration, was negatively affected in 80.6% of 98 tested parameters.



Oligochaeta (earthworms) and Enchytraeids (potworms) field studies

Pesticides negatively affected potworms in 43.8% of 16 tested parameters in five field studies and earthworms in 49.8% of 241 tested parameters in 41 field studies. Specifically, fungicides negatively affected 60.0% and pesticide mixtures 33.3% of potworm tested parameters and insecticides negatively affected 54.5%, herbicides 37.5%, fungicides 53.8%, and pesticide mixtures 53.8% of earthworm tested parameters (Supplementary Table 6). Potworm reproduction was negatively affected in six of eight tested parameters and feeding behavior was reduced by imidacloprid and cyfluthrin seed coatings, but not by the fungicide, thiram (Supplementary Table 4) (Larink and Sommer, 2002). Earthworm mortality, abundance, and biomass were negatively affected in 77.8% of 18 tested parameters, 38.2% of 68 tested parameters, and 39.6% of 48 tested parameters, respectively (Supplementary Table 4). Earthworm richness and diversity and behaviors like avoidance of pesticides, surface and cumulative activity, burial of organic matter, cast production, feeding activity, and litter decomposition were also negatively impacted in about half to two-thirds of the tested parameters. Pesticides negatively impacted earthworm reproduction in 81.8% of 11 tested parameters (Supplementary Table 4). Imidacloprid (Kreutzweiser et al., 2008), oxychloride (Eijsackers et al., 2005), and chlorpyrifos (Reinecke and Reinecke, 2007) all reduced earthworm growth, while dimethoate, 2,4-DB, and glyphosate had no effect (Dalby et al., 1995).




Nematoda


Nematoda (roundworms) lab studies

Pesticides negatively affected nematodes in 84.6% of 26 tested parameters in eight lab studies. Specifically, insecticides and fungicides negatively affected 100.0% and herbicides 80.0% of tested parameters (Supplementary Table 5). The survival of various nematode species was reduced by the fungicide fludioxonil (Haegerbaeumer et al., 2019), and the herbicides acetochlor (Zhang et al., 2011, 2013) and terbuthylazine (Salminen et al., 1996) (Supplementary Table 3). Nematode reproduction was negatively affected in six of seven tested parameters, by the fungicide fludioxonil (Haegerbaeumer et al., 2019), the insecticides imidacloprid (Gomez-Eyles et al., 2009) and chlorpyrifos (Martin et al., 2009), and the herbicide acetochlor (Zhang et al., 2011, 2013). Biochemical biomarkers were negatively affected in all of six tested parameters (Supplementary Table 3); specifically, oxidative stress response in Caenorhabditis elegans was induced by the herbicides, glyphosate and paraquat (Kronberg et al., 2018), and heat shock protein and B-galactosidase activity were negatively affected by the fungicide, mancozeb (Easton et al., 2001). Growth was negatively affected in all of five tested parameters; acetochlor reduced growth in Acrobeloides nanus, Pristionchus pacificus, and C. elegans (Zhang et al., 2011, 2013), and larval and adult growth of C. elegans was negatively affected by mancozeb (Easton et al., 2001) and glyphosate (Kronberg et al., 2018), respectively.



Nematoda (roundworms) field studies

In seven field studies, pesticides negatively affected nematodes in 46.2% of the 13 tested parameters. Specifically, insecticides negatively affected 50.0%, herbicides 28.6%, and fungicides and pesticide mixtures 100% of the tested parameters (Supplementary Table 6), including nematode mortality, biomass, and abundance (Supplementary Table 4). Carbendazim reduced survival (Burrows and Edwards, 2004), glyphosate reduced biomass (Hagner et al., 2019), and chlormethoxynil (Ishibashi et al., 1983), chloropicrin (Carrascosa et al., 2014), and a mixture of thiobencarb and simetryne (Ishibashi et al., 1983) reduced population abundance, while oxadiazon, paraquat (Ishibashi et al., 1983), azadirachtin (neem), and chlorpyrifos (Stark, 1992) had no effect on nematodes in the field. Nematode diversity was also reduced by 1,3-Dichloropropene, which also was found to negatively affect Tardigrade (water bear) density (Carrascosa et al., 2014).




Arthropoda


Acari (mites) lab studies

Pesticides negatively affected mites in 79.6% of 49 tested parameters in 14 lab studies. Specifically, insecticides negatively impacted 78.9%, herbicides 83.3%, and fungicides 80.0% of the tested parameters (Supplementary Table 5). Mite survival and reproduction were negatively affected 79.2% and 73.7% of the time, respectively (Supplementary Table 3). Acari also avoided soils treated with chlorpyrifos, dimethoate, deltamethrin, copper, (Owojori et al., 2014), and spinosad (Rahman et al., 2011), and dimethoate significantly reduced the growth of the mite Hypoaspis aculeifer (Canestrini) (Folker-Hansen et al., 1996).



Acari (mites) field studies

Pesticides negatively affected mites in 43.7% of 87 tested parameters in 19 field studies; specifically, insecticides negatively affected 53.5%, herbicides 16.7%, fungicides 38.5%, and pesticide mixtures 42.1% of tested parameters (Supplementary Table 6). Pesticide impacts to mite abundance varied between species, but was significantly reduced 44.3% of the time (Supplementary Table 4). Oribatid mite reproduction was negatively impacted in two of five tested parameters and Oribatid mite diversity was negatively impacted by exposure to a combination of mancozeb, copper oxychloride, and metalaxyl (Al-Assiuty et al., 2014). In one tested parameter, glyphosate positively affected Acari by increasing activity by nearly 50% (Al-Daikh et al., 2016).



Myriapoda: Diplopoda (millipedes) lab studies

The insecticide deltamethrin negatively affected Diplopoda in three tested parameters (Supplementary Table 5), causing a significant reduction in survival and neurological functioning, as well as altering millipede behavior by causing agitation, release of defensive secretion, gonopod externalization, and hemolymph leakage (Francisco et al., 2016).



Myriapoda: Diplopoda (millipedes), Chilopoda (centipedes), Pauropoda field studies

Pesticides had a negative effect in 41.7% and positive effect in 25.0% of 12 tested parameters in seven field studies measuring the combined abundance of Diplopoda, Chilopoda, and Pauropoda (Supplementary Tables 4, 6). Diflubenzuron and mancozeb decreased Myriapod abundance by 73.0% and 43.0%, respectively (Adamski et al., 2009). Carbendazim and lambda-cyhalothrin reduced abundance of the millipede Trigoniulus corallinus (Gervais) (Förster et al., 2006). Monuron reduced overall Diplopod abundance, while atrazine had no significant effect (Fox, 1964). Imidacloprid (Peck, 2009) and a mixed pesticide regimen (Lundgren et al., 2013) had no significant effect on Chilipoda abundance. In pesticide-treated vineyards, the relative abundance of Diplopoda, including Julidae sp., and Pauropoda increased, while Chilopods were not affected (Vaj et al., 2014).



Isopoda (woodlice) lab studies

Pesticides negatively affected Isopods in 75.9% of 79 tested parameters in 15 lab studies; specifically, insecticides negatively impacted 80.4%, herbicides 28.6%, and fungicides 81.3% of the tested parameters (Supplementary Table 5). Pesticides negatively affected 80% of 20 behavioral parameters measuring Isopod feeding rate, feces production, avoidance, and locomotion and 85.7% of 35 biochemical biomarkers, including enzymatic activity and metabolism (Supplementary Table 3). Survival of Porcellio scaber, P. dilatatus, and Porcellionides pruinosus was reduced by diazinon (Drobne et al., 2008), dimethoate (Engenheiro et al., 2005; Ferreira et al., 2015), lambda-cyhalothrin (Jänsch et al., 2005), chlorpyrifos (Morgado et al., 2016), and pyrethrins (Zidar et al., 2012). Isopod growth was also negatively impacted in four out of seven tested parameters, reduced by imidacloprid (Drobne et al., 2008), dimethoate (Fischer et al., 1997), chlorpyrifos, and mancozeb (Morgado et al., 2016). Reproduction was negatively affected in two out of three tested parameters by dimethoate (Fischer et al., 1997) and lambda-cyhalothrin (Jänsch et al., 2005), and the epithelial thickness of P. scaber was significantly reduced by imidacloprid (Drobne et al., 2008).



Isopoda (woodlice) field studies

Pesticides negatively affected Isopods in one of four tested parameters from three field studies (Supplementary Table 6). The insecticide lambda-cyhalothrin reduced Circoniscus ornatus abundance at field rates (Förster et al., 2006), while total Isopoda abundance was not significantly affected in pesticide treated vineyards (Nash et al., 2010). Glyphosate did not induce avoidance behavior or reduce reproduction in P. scaber (Niemeyer et al., 2018).



Collembola (springtails) lab studies

Pesticides negatively affected springtails in 79.1% of 225 tested parameters in 59 lab studies; specifically, insecticides negatively affected 78.1%, herbicides 72.7%, fungicides 96.4%, and bactericides 62.5% of tested parameters (Supplementary Table 5). Collembola mortality was negatively affected in 72.9% and reproduction in 89.2% of corresponding tested parameters. Pesticides negatively impacted 75.0% of 20 parameters measuring avoidance and locomotion behavior, 41.2% of 17 parameters measuring growth, and 88.0% of 25 parameters measuring DNA damage, gene expression, metabolism, gut microbial diversity, and enzymatic activities (Supplementary Table 3).



Collembola (springtails) field studies

Pesticides negatively affected springtails in 53.9% of 89 tested parameters in 30 field studies; specifically, insecticides negatively affected 63.3%, herbicides 46.2%, fungicides 16.7%, and pesticide mixtures 47.6% of tested parameters (Supplementary Table 6). Collembola survival was negatively impacted by dimethoate (Joy and Chakravorty, 1991) and chlorpyrifos (Wiles and Frampton, 1996), but not cypermethrin (Wiles and Frampton, 1996) and collembola abundance was reduced 50.7% of the time (Supplementary Table 4). The insecticide ethoprophos caused a total loss in reproduction of Folsomia candida (Willem) (Leitão et al., 2014), while glyphosate had no effect (Niemeyer et al., 2018). Atrazine (Al-Assiuty and Khalil, 1996), and the glyphosate formula, Zapp Qi 620 (Niemeyer et al., 2018) both caused avoidance behavior in Collembola, and fungicide and insecticide seed treatments both significantly increased Sinella curviseta (Brook) surface activity (Zaller et al., 2016). Chlorpyrifos significantly reduced springtail species richness in one study (Fountain et al., 2007), which was not significantly affected by chlorpyrifos or dimethoate in another (Endlweber et al., 2006). Ethoprophos reduced biomass of F. candida by 60% (Leitão et al., 2014), growth was impaired by dimethoate in another (Al-Haifi et al., 2006), and chlorothalonil altered F. candida gene expression in a third tested parameter (Simões et al., 2019). In the only study of another Order of Entognatha — Protura — abundance was unaffected by imidacloprid (Peck, 2009).



Isoptera (termites) lab studies

One lab study with termites found that streptomycin induced aggressive fighting behavior between individual termites in the same nest (Gao et al., 2018).



Isoptera (termites) field studies

Insecticides negatively impacted termites in 58.3% of 12 tested parameters in three field studies (Supplementary Table 6). In one tested parameter, chlorpyrifos significantly reduced termite abundance (De Silva et al., 2010). Fipronil significantly reduced survival and activity in colonies of the termite Coarctotermes clepsydra (Sjöstedt), as 0–30% of termites were active in treated colonies, compared to 100% in untreated colonies (Peveling et al., 2003). Fipronil also reduced wood and cardboard bait consumption in Microcerotermes, Armitermes, and Drepanotermes termites in multiple soil types (Steinbauer and Peveling, 2011). Additionally, the termite Drepanotermes rubriceps (Froggatt) only repaired 19% of damaged mounds when treated with fipronil compared to 53% in unsprayed plots (Steinbauer and Peveling, 2011).



Coleoptera (beetles) lab studies

Pesticides negatively affected ground beetles (Carabidae) in 21.1% of 19 tested parameters in four lab studies (Supplementary Table 5). Thiamethoxam seed treatment significantly reduced Coleoptera survival (Douglas et al., 2015) and beetle behavior, including feeding rate was significantly impacted in three of seven tested parameters, while beetle growth was unaffected (Supplementary Table 3).



Coleoptera (beetles) field studies

Beetles, primarily in the family Carabidae, but also Staphylinidae, Latridiidae, Cryptophagidae, Tenebrionidae, Cleridae, Nitidulidae, and Elateridae, were the most represented taxa in field studies and pesticides negatively affected 58.0% of 245 tested parameters across 29 field studies. Specifically, insecticides negatively affected 79.2%, herbicides 28.3%, fungicides 5.0%, and pesticide mixtures 55.9% of tested parameters (Supplementary Table 6). Beetle abundance was reduced in 56.0% and reproduction in 2/3rds of corresponding tested parameters. Beetle behavior, such as feeding rate, predation, avoidance, and locomotory response were negatively affected in 77.4% of 31 tested parameters. Beetle richness and diversity, as well as growth parameters measuring larval development, body size, muscle mass, and lipid mass were negatively affected in two of seven and 16.0% of 25 parameters, respectively. However, beetle enzymatic activity, hemocyte count, and plasmatic basal and phenoloxidase activities, were negatively affected in five out of six tested parameters (Supplementary Table 4).



Formicidae (ants) lab studies

Of two lab studies with eight tested parameters on ant behavior, insecticides negatively affected seven, or 87.5% (Supplementary Table 5). Environmentally relevant concentrations of imidacloprid impaired Pogonomyrmex occidentalis (Cresson) navigation and foraging success (Sappington, 2018) and the activity and foraging behavior of Lasius flavus F. and L. niger L. (Thiel and Köhler, 2016). Specifically, a significant increase in aggressive behavior in L. flavus toward other nest-mates following exposure to imidacloprid reduced survival probability by 60%, but there was no significant effect on aggression or nest-mate recruitment in L. niger (Thiel and Köhler, 2016).



Formicidae (ants) field studies

Pesticides negatively affected ants in 52.9% of 34 tested parameters across eight field/semi-field studies; specifically, insecticides negatively affected 62.5% of 24 tested parameters, pesticide mixtures negatively affected all three tested parameters, and herbicides and fungicides had no significant effects on four and three tested parameters, respectively (Supplementary Table 6). Ant abundance was significantly reduced 51.6% of the time by chlorpyrifos (Armenta et al., 2003), diazinon (Potter et al., 1990; Armenta et al., 2003), deltamethrin (Rodrìguez et al., 2003), fipronil (Steinbauer and Peveling, 2011), a mixture of fipronil and fenitrothion (Walker et al., 2016), and a pesticide mixture containing glyphosate, S-metolachlor, lambda-cyhalothrin and esfenvalerate (Lundgren et al., 2013). Behavior was studied in three tested parameters with two negative effects (Supplementary Table 4); clothianidin and bifenthrin applied together significantly reduced ant predation of black cutworm eggs, and bifenthrin significantly reduced the mound-building activity of L. neoniger (Emery) and Solenopsis molesta (Say) by 90% and 65%, respectively (Larson et al., 2012).



Bombus spp. (bumble bees) lab studies

Pesticides negatively affected bumble bees in 56.3% of 128 tested parameters in 18 lab studies. Insecticides negatively impacted 57.6% of 118 tested parameters and four of the remaining 10 tested parameters were negatively impacted by fungicides (Supplementary Table 5). Bumble bee survival was significantly reduced by pesticides in 57.4% of 68 tested parameters and reproduction negatively impacted in 48.0% of 25 tested parameters. Bumble bee behavior and growth were negatively affected by pesticides about 55-60% of the time (Supplementary Table 3). Of the two biochemical biomarker parameters, clothianidin and thiamethoxam altered B. terrestris gene expression (Colgan et al., 2019).



Bombus spp. (bumble bees) field studies

Pesticides negatively affected bumble bees in 52.6% of 190 tested parameters across 23 field studies; specifically, insecticides negatively affected 51.6%, and pesticide mixtures 70.0% of the tested parameters. Herbicides were not studied and fungicides had 85.7% non-significant effects on seven tested parameters (Supplementary Table 6). Neonicotinoids were present in 64.2% of all pesticide treatments tested, 58.1% of which negatively affected bumble bees. Abundance, survival, and reproduction were significantly reduced in 38.5, 53.3, and 48.6% of corresponding tested parameters, respectively (Supplementary Table 4). Nest condition was severely impacted by imidacloprid, while bumble bee biomass was not significantly affected by imidacloprid or chlorpyrifos (Moffat et al., 2015). Pesticides negatively impacted bumble bee behavior in 60.9% of 64 tested parameters, which included the specific measures of pesticide avoidance, foraging efficiency, feeding rate, worker defensive response, flight activity, flower visitation, and flower handling. Pesticides also negatively affected 41.7% of 24 bumble bee growth measurements, including colony development, strength, and mass (Supplementary Table 4). Bumble bee neural function was analyzed in two studies with five tested parameters, of which four (80%) were negatively impacted by pesticide exposure.



Other (or non-Bombus) ground-nesting bees lab studies

Insecticides negatively affected non-Bombus ground-nesting bees in seven (87.5%) of eight tested parameters in two lab studies (Supplementary Table 5). Specifically, survival was significantly reduced in all tests from exposure to permethrin, mexacarbamate, aminocarb, fenitrothion, carbaryl and spinosad (Helson et al., 1994; Mayer et al., 2001). Spinosad had no significant effect on the feeding rate of Nomia melanderi (Cockerell) (Halictidae) (Mayer et al., 2001).



Other (or non-Bombus) ground-nesting bees field studies

Pesticides negatively affected non-Bombus ground-nesting bees in 75.7% of 37 tested parameters in six field studies; specifically, insecticides and pesticide mixtures negatively affected 80.0% and 66.7% tested parameters, respectively, while other pesticide types were not tested (Supplementary Table 6). Bee survival was negatively affected in 81.8% of 22 tested parameters and abundance in six out of 11 tested parameters (Supplementary Table 4). Both neonicotinoids (Main et al., 2020), and mixed pesticide regimens (Tuell and Isaacs, 2010; Mallinger et al., 2015) negatively impacted richness and diversity of ground nesting bees.



Parasitic wasp (Figitidae) lab studies

Many parasitic wasps develop in the soil, including Trybliographa rapae (Westwood) (Figitidae), which was analyzed in one lab study with four tested parameters. Although T. rapae was seven times less sensitive to chlorfenvinphos than its host, the agricultural pest cabbage root fly (Delia radicum L.), the wasp’s mortality, longevity, fecundity, and sexual development were all significantly negatively impacted by pesticide exposure (Alix et al., 2001).



Parasitic wasp (Tiphiidae) field studies

Parasitic wasps were analyzed in two field/semi-field studies with 15 tested parameters, of which 73.3% were negatively affected by pesticides. Specifically, insecticides negatively affected 70.0%, fungicides 50%, and herbicides and pesticide mixtures 100% of tested parameters (Supplementary Table 6). The survival of Tiphia vernalis (Rohwer) (Tiphiidae) was reduced by bifenthrin, carbaryl, chlorpyrifos, imidacloprid, oryzalin, pendimethalin, chlorothalonil, thiophanate-methyl, and a mixture of 2,4-D and dicamba, but not halofenozide (Oliver et al., 2006). Imidacloprid reduced T. vernalis egg laying and pest control efficiency, as measured by the ability to locate, recognize, and successfully parasitize its host, the Japanese beetle [Popillia japonica (Newman)] (Rogers and Potter, 2003).



Mixed taxa field studies

Mixed groups of soil organisms were analyzed in 19 studies with 56 tested parameters, of which pesticides negatively affected 39.3%. Specifically, insecticides negatively affected 40.9%, herbicides 20.0%, fungicides 33.3%, and pesticide mixtures 42.9% of tested parameters (Supplementary Table 6). Soil taxa abundance and richness were negatively affected in 25.8% and 41.7% and positively affected in 19.4% and 8.3% of the 30 and 12 corresponding tested parameters, respectively (Supplementary Table 4). Litter decomposition and feeding rate behaviors were significantly reduced in 69.2% of 13 parameters testing the impact of pesticides on those ecosystem functions.






DISCUSSION

In reviewing 394 studies on pesticide impacts to soil invertebrates, we found that negative effects dominated, with 70.5% of 2,842 total tested parameters between lab and field studies identifying a negative impact to soil organisms from pesticide exposure. All of the 12 highly studied pesticide classes (Figure 2), other than synthetic auxin herbicides, negatively affected greater than 50% of the tested parameters that were analyzed. These findings indicate that a wide variety of soil-dwelling invertebrates display sensitivity to pesticides of all types and support the need for pesticide regulatory agencies to account for the risks that pesticides pose to soil invertebrates and soil ecosystems.


Impacts by Pesticide Type

Insecticides were by far the most-studied pesticide type and, unsurprisingly, because they are designed to target invertebrates, had the largest negative impact on soil invertebrates of any pesticide type analyzed. We found that insecticides consistently negatively affected approximately 60% to 85% of all tested parameters among the taxa studied (Table 1). Bumble bees (Bombus spp.) and mixed soil taxa were the notable exceptions but were still negatively impacted by insecticides 54.2% and 40.9% of the time, respectively. Herbicides and fungicides, however, varied greatly depending on the chemical, taxa, and endpoint studied, resulting in negative impacts on 5% to 100% of tested parameters in the reviewed studies. Some of this variability likely stems from fewer studies on herbicide and fungicide impacts compared to insecticides and, as a result, very few tested parameters for some taxa (Table 1). These results indicate that, in general, soil invertebrates are more variable in their sensitivity to fungicides and herbicides than insecticides. There were too few studies that met our search criteria to identify clear trends regarding the impact of bactericides on soil invertebrates, likely because we did not include research on microorganisms like bacteria or fungi. Negative effect percentages of pesticide mixtures varied between 33.3% and 100%, with most negatively impacting 40–60% of the tested parameters across taxa.

We found that positive effects were rare (1.4% overall) but occurred most often when abundance was measured in field studies with the application of insecticides versus other pesticide types. A positive effect indicates a benefit to one soil organism that may come at the detriment to other soil taxa or soil ecosystem functioning. For example, abundance of certain soil taxa could increase if a pesticide reduces competitors or predators, either through mortality or emigration from the area. Therefore, while certain effects were designated as “positive” to one species or taxa in this analysis, it does not indicate, nor is it likely, that pesticides had a positive effect on the ecosystem as a whole.

Our search criteria only identified three studies that tested the sensitivity of soil invertebrates to commonly used soil fumigants, specifically 1,3-D, dazomet, chloropicrin and metam sodium. Most studies we found on fumigants studied the sensitivity of microbial/fungal organisms or target pests like plant parasitic nematodes and were beyond the scope of this review. Of the nine tested parameters involving fumigants, seven resulted in negative effects to non-target soil invertebrates. The lack of available studies on harm from soil-applied fumigants to non-target invertebrates indicates that this is an area in need of more research.



Mixtures vs Individual Active Ingredients

Few studies measure the effects of pesticide mixtures as opposed to individual active ingredients, though research shows that mixtures of pesticide residues in the soil are the rule rather than the exception (Silva et al., 2019). Nearly all corn grown in the United States is treated with multiple pesticides (Douglas and Tooker, 2015; Lamichhane et al., 2019) and pesticide mixtures have the potential to increase toxicity due to chemical interaction (Sgolastra et al., 2016). We included pesticide mixture studies in our analysis, which surprisingly had fewer overall negative effects than single pesticides. This is likely because mixture studies were overwhelmingly done in a field or semi-field setting rather than a laboratory. However, among only field/semi-field studies, pesticide mixtures had a higher negative effect percentage than all pesticide classes except insecticides (Figure 1). Other variables could also contribute to the overall lower negative effect percentage of mixtures. For instance, mixture studies are often done with concentrations of individual components that are known to not produce an effect individually in order to maximize the ability to identify interactive effects (Kortenkamp, 2007). Furthermore, there was considerable variability in the outcome of mixture experiments based on pesticide type analyzed (see Results Section). Therefore, we caution against comparing the negative effect percentage for mixture studies with those of individual pesticide types in this analysis. Ultimately, considering that environmental exposure to pesticide mixtures is the rule and not the exception, research on pesticide mixtures is a major gap in the literature that we hope receives future focus.



Laboratory vs Field Studies

Overall, we found fewer negative impacts of pesticides in field studies compared to laboratory studies. One likely reason for this finding is that the pesticide concentrations used in lab studies were generally higher, while field studies often applied concentrations at or below the recommended use rate. Higher concentrations of pesticides are more often associated with negative effects on soil organisms (Puglisi, 2012). For instance, a study on the effects of pyrimethanil on Enchytraeids conducted across two labs in Portugal and Germany found contrasting results based on the tested pesticide concentration (Bandow et al., 2016). Due to the scope of this review, we did not identify the concentrations expected to be encountered in the environment for every pesticide used in each study. Since pesticide use rates and approved application methods can differ between countries and different areas within a country, a “field-relevant” pesticide concentration in one region may be over- or under-representative of that expected in another region. Therefore, this review is inclusive of the wide variety of exposure concentrations found in the literature and is focused on identifying hazards, not necessarily risks.

In addition, uncontrolled, confounding environmental variables could provide some buffering capacity for pesticide effects in field and semi-field studies. Climatic conditions and various seasonal or yearly variations to the agricultural setting outside of pesticide application, such as cropping system changes or irrigation, make it difficult to fully assess pesticide effects under short-term trials (Ewald et al., 2015; Pelosi et al., 2015). For example, imidacloprid applied to turfgrass without irrigation significantly impacted the pesticide’s effect on foraging bumble bees, while imidacloprid applied with irrigation did not (Gels et al., 2002). Significant differences in the soil microbial community structure were observed when pyrimethanil was applied during heavy rainfalls versus drought (Ng et al., 2014), and moisture increased Collembola sensitivity to lambda-cyhalothrin (Bandow et al., 2014). Different substrates can also determine variation in organism response to pesticide treatment (Velki and Ečimović, 2015), illustrated by the effects of phenmedipham on Enchytraeid reproduction which varied greatly between 18 different tested soils (Amorim et al., 2005a). While laboratory studies often use artificial soil or a standardized natural soil, agricultural soil environments vary widely in factors such as organic matter, water holding capacity, and pH (Amorim et al., 2005b). Additionally, ecotoxicology tests in the lab may use contact filter paper instead of soils, to which soil organisms typically show much higher sensitivity to pesticides. For example, the LC50 for earthworms treated with cypermethrin in artificial soils was 9.83 mg/kg while it was 0.30 mg/kg on contact filter paper, which is only used for testing in laboratory settings (Saxena et al., 2014).

Despite the major advantage of field studies being conducted under more realistic conditions than laboratory studies, there are some downsides to relying on them exclusively. Since the complex logistics and expensive nature of field experiments can lead to lower sample sizes and fewer replicates, they can often lack a high statistical power. This can lead to statistical results that are highly variable between studies even when the overall effects are more-or-less consistent, leading researchers to advise conservative interpretations of non-significant results in low-powered field studies (Douglas and Tooker, 2016). Some endpoints — such as reproduction or individual growth — or organisms that are smaller or less abundant can be difficult to study in the field. Additionally, since pesticides are generally approved for use in different regions with highly variable agricultural practices, geography, precipitation, temperature, air quality, background soil contamination, soil mineral content, pH and organic matter, field studies done in one region may not be representative of effects in another region. The majority of field studies we found took place in Europe and the United States, while very few field studies were conducted in countries from other continents. The disproportionate data from these temperate regions could over- or underestimate the risk of pesticides to soil organisms in other regions of the world, or even subregions in the studied countries. Controlling many of the fluctuating variables found in field tests in a laboratory setting can be useful, and both types of studies should be considered helpful in identifying potential harms that could come from pesticide use in or near soil.



Endpoints

The most sensitive endpoint category was structural changes, followed closely by biochemical biomarkers, then reproduction, mortality, behavior, growth, richness and diversity, abundance, and lastly, biomass (Table 2). All observable effects in a whole organism are preceded by subcellular events which can be measured in biochemical biomarker tests, yet all subcellular events will not necessarily lead to these larger, gross changes. Therefore, having the negative effect percentage of tested parameters gradually decrease from biochemical effects to sublethal effects to lethal effects to more macro-changes (like richness and diversity) was expected. While mortality is largely studied, it is often the least sensitive parameter; for example, acute mortality tests did not provide the most sensitive risk estimates for earthworms in 95% of cases (Frampton et al., 2006). Instead, when an organism is engaged in the detoxification process of pollutants in order to ensure survival, normal functions such as reproduction, growth, and feeding or burrowing behaviors are likely to suffer (Pelosi et al., 2014). For example, earthworms exposed to copper fungicides entered quiescence — a period in which development is suspended — in order to resist contamination, which resulted in a significant reduction of biomass (Bart et al., 2017).

Most studied endpoints for soil organisms provided a clear indication of harm, while others, such as avoidance behavior, inform us of an organism’s response that could indicate other negative effects either to the organism or the ecosystem (Niemeyer et al., 2018). As a test metric, avoidance behavior has high variability and lower sensitivity than other endpoints and has been suggested for better use as a screening evaluation of soil contamination (Loureiro et al., 2005; Natal-da-Luz et al., 2008; Novais et al., 2010). Avoidance represented 35% of behavior endpoints in our analysis, and pesticide exposure led to an increase in avoidance in 77% of 135 tested parameters. Observation of avoidance may explain a reduction in abundance or species richness. However, for taxa that do not avoid pesticide treated soil, reductions in abundance may result from higher mortality. There can also be false negatives in avoidance tests; for example, dimethoate did not cause avoidance behavior in Folsomia candida but did cause stress or paralysis that prevented movement (Pereira et al., 2013). Additionally, certain taxa like Annelids and Isopods possess chemical receptors that allow them to detect and therefore respond to pesticides more readily than other taxa (Loureiro et al., 2005; Amorim et al., 2008; Marques et al., 2009).



Indirect Effects

Soil toxicology research tends to focus on the impacts of direct exposure and largely ignores the indirect effects on ecosystems when soil organisms are harmed. As such, our review was only able to account for the direct, measured harm to soil organisms and does not account for any additional harm to ecosystems through indirect effects. For instance, herbicides had a greater negative effect on small arthropod population dynamics through changes to surface litter structural complexity, composition, and nutrition than from direct toxicity (House et al., 1987). Additionally, the direct effects of pesticides on soil organisms can have indirect consequences to ecosystem functioning on a larger scale, including contaminating or reducing food sources for terrestrial vertebrates such as birds (Hallmann et al., 2014; Gibbons et al., 2015), and decreasing crop yield by disrupting pollination services (Reilly et al., 2020) and biological control of target pests (Douglas et al., 2015). As an example, slug predation by the beetle Chlaenius tricolor (Dejean) was reduced by 33% following exposure to thiamethoxam, causing a 67% increase in slug activity and density, which resulted in a 19% and 5% decrease in soybean crop density and yield, respectively (Douglas et al., 2015). The importance of these indirect effects of pesticides are underappreciated and, when unaccounted for, can result in an underestimation of risk posed by pesticide use.



Persistence, Recurring Use, and Recovery

Persistence of pesticides in the soil varies greatly across different environmental conditions, like soil type or temperature, and among different pesticides, with particular classes like neonicotinoids (Gibbons et al., 2015) and triazines (Jablonowski et al., 2011) having consistently long soil half-lives. Both burrowing soil taxa and those that develop in the soil are likely to be more vulnerable to the effects of soil-persistent pesticides and conditions that contribute to their persistence.

Some studies in our analysis found that soil invertebrates recovered from negative effects after removal from contaminated soil or following a single pesticide application. We chose not to account for recovery in our data because it would have greatly increased the complexity of our analysis, and its relevance under typical agricultural practices is questionable considering the widespread practice of recurring treatments. For instance, agricultural fields in Great Britain received an average of 17.4 pesticide applications per year in 2015 (Goulson et al., 2018). The United States Department of Agriculture estimates that Washington apples are treated with an average of 51 different pesticides in a total of 6–17 applications per year (USDA, 2016). East coast apples are also treated 15–25 times with pesticides throughout a given year (USDA, 2016). With some pesticides persisting in soil for months or years and the real prospect of recurrent pesticidal applications during the growing season in many fields, soil organisms may not fully recover as they might in the lab or following a single application to a field.

Trends in pesticide application methods are also leading to an increase in the potential for soil contamination. Due to widespread harms associated with pesticide drift, mitigation measures are increasingly being adopted in the United States to cut down on atmospheric presence of pesticides. This includes measures that can increase soil deposition to an area, such as increasing spray droplet size, adding anti-drift adjuvants to formulations and lowering boom height (U.S. EPA, 2016a). In conjunction with other pesticide application methods that have increased considerably, such as pesticide seed treatment (Hitaj et al., 2020), agricultural soils are increasingly being exposed to pesticides at higher levels. The trend away from foliar pesticide application to soil/seed pesticide application will also increase soil exposure throughout the growing season.

It has been suggested that recovery of the soil invertebrate community is slow and can take more than 15 years (Menta, 2012). Therefore, while recovery from some of these sublethal negative effects is possible, it necessarily depends on quick elimination of the soil pesticide followed by a sufficient period for recovery to take place before another application is made. This will likely vary considerably from field to field.



Representation of Soil Organisms

In observing the effects of pesticides on soil organisms, scientists and regulators have tended to focus on a handful of surrogate species that are conducive to studying in a lab or field environment (Frampton et al., 2006; Banks et al., 2014). The selection of soil organisms for ecotoxicology studies usually relies upon an organism’s amenability to the lab and effective use as a bioindicator (Cortet et al., 1999). A review by Jänsch et al. (2006) found that pesticide studies on soil invertebrates are strongly biased toward laboratory testing, and that soil organisms are chosen based upon their ease in testing environments rather than their ecological relevance (Jänsch et al., 2006). Earthworms are the most studied soil organism in ecotoxicology, partially because of their ubiquity in the soil, their pivotal role as ecosystem engineers, and the ease with which they are studied (Luo et al., 1999; Jänsch et al., 2006; Bart et al., 2018). Eisenia spp. were particularly common in studies in this review; however, they are not naturally found in agroecosystems and are often less sensitive to pesticides than other earthworms, like Apporectodea spp. (Pelosi et al., 2013; Bart et al., 2018). Earthworms are less sensitive to pesticides than other soil invertebrates in general (Frampton et al., 2006; Jänsch et al., 2006; Daam et al., 2011), so standardized test methods have been developed for different taxa also amenable to laboratory studies: Folsomia candida (springtail: Collembola), Enchytraeus albidus (potworm: Enchytraeidae), and Hypoaspis aculeifer (mite: Acari) (Kula and Larink, 1997; Frampton et al., 2006; Jänsch et al., 2006).

Field studies typically look at diverse soil communities, often with a focus on beneficial predators like ground beetles (Carabidae) and rove beetles (Staphylinidae); larger taxa that are easier to capture and identify. Still, there is high variability in sensitivity between beetles, often depending on size and seasonal variations of life cycle; as an example, dimethoate applied at lower rates resulted in harm to smaller species like the Carabids, Agonum dorsale (Pontoppidan) and Bembidion sp., and the Staphylinid, Tachyporus hypnorum F., while not affecting larger Carabids like Pterostichus melanarius (Illiger) and Calathus erratus (Sahlberg), and generally having more harmful effects on the beetles in the autumn than in the summer (Gyldenkñrne et al., 2000).

In general, the smaller and more cryptic Protura, Diplura, Pseudoscorpionida, Symphyla, and Pauropoda are the least commonly investigated soil taxa (Menta and Remelli, 2020). In our analysis, Protura, Pauropoda, and Tardigrada were each analyzed in only one study (Peck, 2009; Carrascosa et al., 2014; Vaj et al., 2014), and Symphyla and Diplura were only analyzed in the context of mixed organism groups (Al-Haifi et al., 2006; Atwood et al., 2018). In addition, there were fewer than 20 tested parameters for parasitic wasps, termites, and Myriapods, including millipedes and centipedes.

Bumble bees were commonly represented in the studies in our analysis, yet comparatively less negatively impacted by insecticides than other soil taxa. One potential reason is that there was a higher number of field studies for bumblebees compared to other soil taxa, and, as discussed above, field studies tended to reveal fewer negative effects. Pesticides, dominated by insecticides and, in particular, neonicotinoids, negatively affected about 50-60% of bumble bee tested parameters, including survival, reproduction, neural function, and behavior. Bumble bees are one of the few taxa in our analysis that spend much of their life above ground, sometimes nest above ground, and are eusocial. Thus the exposure potential in bumble bee studies may differ from that of other soil organisms (Gradish et al., 2019). Non-Bombus ground-nesting bees, though less-studied, were negatively impacted by neonicotinoids and other insecticides at a rate more typical to other taxa in our analysis (i.e., 75–90%), suggesting bumble bees are not good surrogates for ground-nesting bees and soil organisms in general.



Surrogacy in Pesticide Regulation

The European honey bee (Apis mellifera) is the only terrestrial invertebrate for which the U.S. EPA (2018) requires testing for pesticide toxicity, and only on an acute-contact exposure basis (Legal Information Institute, 2020). This is the case even for pesticides that are applied directly to the soil. When harm to pollinators is expected, the agency will often require additional studies on chronic toxicity to honey bees and/or studies on both adult and larval honey bees (U.S. EPA, 2016b). Testing on other bee species (often Bombus terrestris L.) or field or semi-field studies are sometimes, but rarely, requested (U.S. EPA, 2019b). Honey bees have unique life histories and behaviors that result in very different pesticide exposure risk to most invertebrates, even when compared to bumble bees, members of the same taxonomic family that share the very rare trait of being eusocial. While bumble bee colonies often consist of < 500 individuals nesting underground, honey bee colonies of > 10,000 individuals are generally kept in artificial boxes as a domesticated agricultural animal (Gradish et al., 2019). Therefore, pesticide risk to all soil invertebrates in the United States is essentially estimated by harm to a species that generally does not come into contact with the soil and does not share any of the same exposure pathways. For example, most neonicotinoid seed coatings end up in the soil, and concentrations of neonicotinoids can be drastically higher in soil than in pollen (Goulson, 2015; Willis Chan et al., 2019; Dubey et al., 2020; Main et al., 2020).

Not only is A. mellifera a highly specialized species whose sensitivity to chemical stressors is not typically representative of other terrestrial invertebrates (Hardstone and Scott, 2010), other arthropods differ from honey bees in their seasonal timing of emergence, life span, degree of sociality, nesting behavior, and foraging, and are thus subjected to different pesticide exposure routes and levels than honey bees - such as via cuticle contact or soil-covered prey consumption. For example, bumble bees in underground nests experience contact exposure via residues on soils, including as developing larvae and hibernating queens (Gradish et al., 2019). Over 80% of bees, the vast majority of which are solitary, are ground-nesting (Anderson and Harmon-Threatt, 2019) and are at great risk of pesticide exposure, as adult females spend the majority of their life cycle constructing nests in the soil (Willis Chan et al., 2019). Thus, even for soil invertebrates in the same superfamily as honey bees, exposure to, and harm from, pesticide residues in soil and soil cell water are not adequately estimated in current EPA pesticide ecological risk assessments.



Implications for Regulation

From these data it is apparent that, as a set of chemical poisons, pesticides pose a clear hazard to soil invertebrates. A previous review has identified similar hazards to soil microorganisms (Puglisi, 2012). Each individual pesticide will pose a unique risk profile to each soil-dwelling species that is exposed based on exposure potential and sensitivity. This review supports the need for soil health endpoints in regulatory risk assessment of pesticides to assess the probability that pesticide use will negatively impact these ecosystems.

Due to the sheer number of species and endpoints that can be impacted by pesticide use and researchers’ limited capacity to test every permutation, pesticide risk assessment is heavily reliant on surrogate species that are used to generalize toxicity across taxa, and in the case of soil, across entire ecosystems. The level of detachment of soil surrogate species from the taxa they are supposed to represent varies widely across regulatory agencies around the globe. Of the pesticide regulatory agencies whose regulatory process on soil organisms could be easily obtained, none differ as much in their treatment of soil organisms as the European Food Safety Authority (EFSA) and the United States EPA. While the EFSA has testing requirements in place to quantify risk to multiple soil dwelling organisms, the EPA has none.

For pesticides that are likely to contaminate soil, the EFSA currently requires chronic toxicity tests on one earthworm species (Eisenia fetida or Eisenia andrei), one springtail species (Folsomia candida) and one mite species (Hypoaspis aculeifer) (Ockleford et al., 2017). The EFSA also requires a study on nitrogen transformation as a readout of soil microbial activity (Ockleford et al., 2017). If the ratio of exposure to toxicity exceeds a predetermined threshold, higher tier tests, such as field testing, may be required. Additional protection goals have recently been identified, and the EFSA is currently considering strengthening its requirements to include additional exposure pathways and to require tests on Isopods and mycorrhizal fungi (Ockleford et al., 2017).

The EPA’s practice of using only the honey bee as a surrogate for other terrestrial invertebrates underestimates harm to many taxa and can be even more consequential when it comes to identifying mitigation measures for a pesticide. For instance, mitigation measures the EPA has put in place for pesticides that pose a significant risk to the honey bee (which should indicate risk to all terrestrial invertebrates due to its use as a surrogate) are generally designed to reduce risk only to pollinators (U.S. EPA, 2019a, 2020b). Mitigations, like spray restrictions during flower bloom, increasing droplet size to reduce drift, or label language identifying a pollinator hazard, will likely have little impact on soil organism exposure to a pesticide. Of the 219 individual pesticides represented in our review, 74% are currently approved in the United States and 26% are not in current use but could be registered at any time, indicating that our results are highly relevant to pesticide regulation in the United States.




CONCLUSION

This paper constitutes a comprehensive review of the impacts of agricultural pesticides on soil invertebrates. We found that pesticide exposure negatively impacted soil invertebrates in 70.5% of 2,842 tested parameters from 394 reviewed studies. We also identified several broad trends and directions for future research. Insecticides were the most studied type of pesticide and generally had greater negative impacts on soil invertebrates than herbicides, fungicides and other pesticide types. Herbicides and fungicides still had a high proportion of negative effect findings, however negative effects varied much more widely between different pesticide classes and studied taxa than with insecticides. Fewer studies evaluated the impacts of pesticide mixtures. Given that pesticide mixtures are more commonly found in agricultural soils than individual active ingredients, this is a gap in the literature that should be addressed.

Studies evaluating pesticide impacts often use a narrow range of surrogate species that are easy to rear, identify, or study, while smaller and more cryptic organisms are rarely analyzed. In some cases, the organisms that are the most extensively studied are known to be less sensitive to pesticides than other organisms, suggesting that we have limited knowledge of the extent of harm caused by pesticides.

The prevalence of negative effects in our results underscores the need for soil organisms to be represented in any risk analysis of a pesticide that has the potential to contaminate soil, and for any significant risk to be mitigated in a way that will specifically reduce harm to the soil organisms that sustain important ecosystem services. The United States Environmental Protection Agency does not have sufficient testing requirements or tools in place to quantify risk to soil dwelling organisms. The European honey bee is the only terrestrial invertebrate included in mandatory ecotoxicological testing of pesticides. The practice of using the honey bee as a surrogate underestimates harm to many taxa and often results in narrow efforts to mitigate pesticide impacts solely to honey bees and other pollinators, not soil organisms.

This review presents extensive evidence that pesticides pose a serious threat to soil invertebrates and the essential ecosystem services that they provide. Given the widespread and increasing adoption of seed and soil applied pesticides that pose a particular threat to soil organisms, we strongly support the inclusion of a soil health analysis in the United States pesticide risk assessment process.
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