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Abstract: Earthworms and enchytraeids are soil organisms involved in key soil functions, such as
organic matter turnover and soil structure, at different scales. In natural soils, these
organisms are exposed and sensitive to different abiotic factors (e.g., climate, land use
and management) and are often used as bioindicators of human disturbances,
particularly chemical stress. However, the sensitivity of these two groups of
Oligochaeta (Annelida) to different stressors has never been compared. Using data
from 49 publications and 330 observations, we performed a meta‐analysis to compare
the sensitivities of earthworms and enchytraeids to all kinds of stressors under similar
test conditions. Earthworms and enchytraeids were found to be equally sensitive to
chemical stressors (mean effect size -0.61 [-2.53; 1.30]) regardless of the studied
endpoint (mortality or reproduction). Most of the observations dealt with the effects of
pesticides (42%) and heavy metals (40%) on both organisms. No difference in
sensitivity was revealed when these two stressors were considered separately.
Regarding the two most studied species of enchytraeids and earthworms, the mean
effect sizes of all the possible combinations of Eisenia fetida (41% of the studies) or
Eisenia andrei (48%) or Enchytraeus crypticus (73% of the studies) or Enchytraeus
albidus (27%) did not reveal any differences in sensitivity. This study also highlights the
lack of studies on environmentally relevant (i.e., representative of natural soils)
enchytraeid and earthworm species. We also revealed that mostly ecotoxicologists
have compared the sensitivities of these two key soil organisms when they are
exposed to and threatened by other important factors, such as agricultural practices
and climate change.
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Abstract 1 

Earthworms and enchytraeids are soil organisms involved in key soil functions, such as organic matter 2 

turnover and soil structure, at different scales. In natural soils, these organisms are exposed and 3 

sensitive to different abiotic factors (e.g., climate, land use and management) and are often used as 4 

bioindicators of human disturbances, particularly chemical stress. However, the sensitivity of these 5 

two groups of Oligochaeta (Annelida) to different stressors has never been compared. Using data from 6 

49 publications and 330 observations, we performed a meta‐analysis to compare the sensitivities of 7 

earthworms and enchytraeids to all kinds of stressors under similar test conditions. Earthworms and 8 

enchytraeids were found to be equally sensitive to chemical stressors (mean effect size -0.61 [-2.53; 9 

1.30]) regardless of the studied endpoint (mortality or reproduction). Most of the observations dealt 10 

with the effects of pesticides (42%) and heavy metals (40%) on both organisms. No difference in 11 

sensitivity was revealed when these two stressors were considered separately. Regarding the two most 12 

studied species of enchytraeids and earthworms, the mean effect sizes of all the possible combinations 13 

of Eisenia fetida (41% of the studies) or Eisenia andrei (48%) or Enchytraeus crypticus (73% of the 14 

studies) or Enchytraeus albidus (27%) did not reveal any differences in sensitivity. This study also 15 

highlights the lack of studies on environmentally relevant (i.e., representative of natural soils) 16 

enchytraeid and earthworm species. We also revealed that mostly ecotoxicologists have compared the 17 

sensitivities of these two key soil organisms when they are exposed to and threatened by other 18 

important factors, such as agricultural practices and climate change. 19 

 20 
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1. Introduction 1 

Earthworms and enchytraeids are macro- and meso-organisms, respectively, that perform several key 2 

functions in soils. At different spatial and temporal scales, both taxa are involved in litter 3 

fragmentation and organic matter decomposition (Marinissen & Didden, 1997, Brown et al., 2000), 4 

soil nutrient dynamics (Lavelle et al., 1998; Cole et al., 2002), soil formation (Lavelle et al., 1988, 5 

Topoliantz et al., 2000), soil structure dynamics via bioporosity (van Vliet et al., 1993, Edwards & 6 

Bohlen 1996), and regulation of microbial biomass (Hedlund & Augustsson, 1995, Brown et al., 7 

2000). Because they play key roles in the functioning of agroecosystems and are abundant in many 8 

ecosystems, earthworms and enchytraeids are both used as bioindicators of land use, agricultural 9 

practices and chemical stress (OECD, 1984, Paoletti, 1999, Didden & Römbke, 2001, Pelosi & 10 

Römbke, 2017). 11 

The ecological niches and behaviours of these two groups do not necessarily overlap (Didden et al., 12 

1997): For example, the earthworm Lumbricus terrestris creates extensive burrows that improve water 13 

infiltration. In contrast, enchytraeids, such as Enchytraeus albidus, play a crucial role in nutrient 14 

cycling by decomposing finer organic materials in the soil, their activities are more concentrated in the 15 

upper soil layers and leaf litter. Therefore, they can provide complementary functions in soils and 16 

complementary information on soil quality (Postma-Blaauw et al., 2012). Under natural conditions, 17 

both earthworms and enchytraeids face stressors of different origins. In agricultural soils, tillage or 18 

chemical inputs such as pesticides may harm these soil organisms (van Capelle et al., 2012, Beketov et 19 

al., 2013). Moreover, climate change has increased the vulnerability of soils and terrestrial biodiversity 20 

(IPCC 2022). Phillips et al. (2019) showed that climate variables were more important than soil 21 

properties or habitat cover in shaping earthworm communities. Drought periods and intense 22 

precipitation events now occur more frequently and cause dramatic disruptions to soil biological, 23 

physical and chemical parameters (Bellard et al., 2012). Thus, the extreme variations in soil moisture 24 

as well as the exposure to soil tillage and high quantities of chemicals—directly applied to the soil 25 
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surface—can disturb these organisms, their metabolism and the interactions between them (Mäder et 26 

al., 2002, Bengtsson et al., 2005). 27 

Earthworms and enchytraeids are both soft-bodied soil invertebrates, and enchytraeids are considered 28 

the closest relatives to earthworms according to Erséus and Källersjö (2004). Enchytraeids have been 29 

compared to other soil meso-organisms, such as springtails (Urarov & Karaban, 2015, Hlavkova et al., 30 

2020) or nematodes (Hagner et al., 2010), more often than to earthworms. Moreover, in some studies, 31 

different endpoints have been assessed for enchytraeids and earthworms to obtain additional data on 32 

the effects of stressors (Niva et al., 2021); therefore, the sensitivities of these two organismal groups 33 

cannot be compared. Among the studies that have properly compared earthworms and enchytraeids, 34 

some have shown that enchytraeid species exhibit a lower sensitivity than earthworms to certain 35 

chemicals and climatic parameters. In Bart et al. (2017), earthworms experienced a decrease in 36 

biomass, and they avoided soil contaminated with a copper fungicide at a lower concentration than 37 

enchytraeids. Holmstrup et al. (2022) noted that, in Arctic areas, the enchytraeid Enchytraeus albidus 38 

individuals had superior freezing tolerance than earthworms. Moreover, Sverdrup et al. (2002) 39 

reported that Enchytraeus crypticus exhibited a lower sensitivity to polycyclic aromatic compound 40 

exposure than the earthworm Dendrobaena veneta; however, their respective sensitivities can vary 41 

according to the compound itself. In contrast, enchytraeids reportedly exhibit a greater sensitivity to 42 

pesticides (e.g., Sechi et al., 2014 – insecticide alpha-cypermethrin) and pig manure (Segat et al., 43 

2020) than earthworms. Finally, Römbke and Moser (2002), based on the results of an international 44 

ring test involving 29 institutions from 15 European countries, noted that there was no clear answer as 45 

to the sensitivity of the species tested (Eisenia fetida/Eisenia andrei or E. albidus) to two chemicals 46 

(the fungicide carbendazim and the industrial chemical 4-nitrophenol). The authors concluded that 47 

there was no "most sensitive species”. Other studies comparing earthworms to enchytraeids have 48 

shown similar sensitivities between both soil organisms through a wide range of stress factors, such as 49 

uranium (Caetano et al., 2014), electrical conductivity (Gainer et al., 2019), polycyclic aromatic 50 

compounds (Kobeticova et al., 2008) and lindane, an insecticide (Lock et al., 2002). A report 51 

published in 2009 by Jarratt and Thompson showed mixed conclusions on the sensitivities of 52 
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enchytraeid and earthworm species to chemicals, although they suggested that the mortality test results 53 

indicate that Enchytraeidae species may be less sensitive than earthworms. They reported a lower 54 

sensitivity for enchytraeids in some cases but noted that the current data do not show consistent 55 

differences in sensitivity between Lumbricidae and Enchytraeidae in the laboratory or under 56 

semifield/field conditions. To summarize, the message is not clear, perhaps due to the non-quantitative 57 

nature of all these assessments. 58 

The aim of this study was to quantify the relative sensitivities of earthworms and enchytraeids to all 59 

kinds of stressors (i.e., any factor likely to negatively affect earthworms and enchytraeids at any level 60 

of biological organization). For that purpose, we performed a meta-analysis based on an exhaustive 61 

bibliographical review that included all the studies using both earthworms and enchytraeids under the 62 

same test conditions (e.g., same soil, tested stressor). We determined the difference in sensitivity to 63 

specific stressors according to the following assumptions: (H1) enchytraeids are generally less 64 

sensitive than earthworms to different stressors, (H2) differences in sensitivity are mainly observed 65 

when mortality is assessed compared to reproduction or avoidance, and (H3) the relative sensitivities 66 

of both groups of organisms vary according to the tested stressor and the considered species. Our 67 

findings highlight the specific gaps in the literature regarding the sensitivity of these organisms to 68 

different stressors, emphasizing the need for future research to address these gaps. 69 

2. Methods 70 

2.1. Literature search and inclusion/exclusion criteria 71 

A systematic literature review was conducted in January 2023 to find publications dealing with 72 

earthworms and enchytraeids exposed to different stressors. The literature search was carried out on 73 

the basis of keywords in the ISI Web of Knowledge, using the ‘‘All Databases’’ option, with the 74 

following scheme: ‘(enchytr* OR potworm* OR achaet* OR bryodril* OR buchlol* OR 75 

cernosvitoviel* OR cognat* OR frideric* OR guaranidril* OR lumbricil* OR hemienchytr* OR 76 

oconnorel* OR hemifrideric* OR henl* OR marionin* OR mesenchytr*) and (earthworm* OR 77 

lumbric* OR aporrect* OR eisen* OR dendrob* OR alloloboph* OR octalas* OR dendrodril* OR 78 
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diporodril* OR eophil* OR helodril* OR kritodril* OR octodril* OR prosellodril* OR scherothec* 79 

OR satchell* OR proctodril* orodril* OR postandril* OR perelia* OR andrei* OR fetid* OR foetid*)’ 80 

in Topics. From a total of 967 references, a first selection was made using titles and abstracts. The full 81 

texts were examined when the information was considered consistent for the meta-analysis. To 82 

complete the search, bibliographic reviews that included both annelids were selected, and references 83 

were carefully examined to extract any new articles that could be relevant for the meta-analysis. 84 

We considered only publications providing data on terrestrial earthworms and enchytraeids, all species 85 

included. For instance, papers dealing with aquatic and bioluminescent worm species were excluded 86 

(Rodionova et al., 2017). The data on earthworms and enchytraeids had to be from the same study to 87 

compare the sensitivity of these groups under the same conditions (e.g., active substance, type of 88 

substrate). Moreover, we did not consider studies dealing with chemical bioaccumulation in animals, 89 

as bioaccumulation cannot be easily correlated with certain factors (Tosza et al., 2010; Santorufo et al., 90 

2012). We selected only the studies where the tested factors were supposed to be harmful to soil 91 

organisms, specifically those detrimental to their life cycle parameters (e.g., survival, growth, 92 

fecundity, juvenile survival). We did not consider studies on biochar addition (possibly beneficial to 93 

them, e.g., Briones et al., 2020) or on tillage (Engell et al., 2021) because these factors can be 94 

beneficial to enchytraeid populations (e.g., Pelosi & Römbke, 2016). Regarding organic and inorganic 95 

waste, one paper was kept because it focused on contaminated incineration ash (Kobetičová et al., 96 

2010). The final set was composed of 49 publications (i.e., 48 papers and one PhD thesis), which 97 

included 330 lines in the database (Table S1). 98 

2.2. Data extraction 99 

For each of the 49 studies, the following data were recorded (Table S1): 100 

- author, date of publication, 101 

- stressor type (i.e., pesticides, metals, wastes, others); 102 

- stressor subcategory (i.e., for pesticides: fungicide, herbicide and insecticide; for metals: 103 

antimony, barium, beryllium, cadmium, chromium, copper, lanthanum, manganese, mercury, 104 
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molybdenum, nickel, lead, silver, uranium and zinc; for wastes: inorganic waste, organic waste, 105 

vinasse, pig manure waste, mineral byproducts, and dredged sediment; for others: pesticide 106 

additive, boric acid, electrical conductivity, linear alkylbenzene sulfonate, chlorinated paraffins 107 

and polycyclic aromatic compounds); 108 

- earthworm species (i.e., Aporrectodea caliginosa, Aporrectodea longa, Dendrobaena veneta, 109 

Eisenia andrei and Eisenia fetida) and enchytraeid species (i.e., Enchytraeus albidus, 110 

Enchytraeus crypticus and Enchytraeus luxurious); 111 

- the observed variable (i.e., survival, reproduction, avoidance, growth, population abundance) 112 

and its measured endpoint (LCx: lethal concentration; ECx: effect concentration; NOEC: no 113 

observed effect concentration; NEC: no effect concentration; and LOEC: lowest observed 114 

effect concentration);  115 

- the mean value of the endpoints with the standard error, standard deviation, or the respective 116 

95% confidence intervals; 117 

- and the number of replicates. 118 

As the choice was made to select studies that provided ecotoxicological endpoint values to ease the 119 

comparison between earthworms and enchytraeids, all the selected studies were laboratory 120 

experiments. 121 

First, the data were collected from available tables; otherwise, the data were collected from the text. 122 

Searching for data in the figures (graphs) was not ruled out, but none of the data matched our search 123 

criteria. Because of compliance with ISO standards (ISO, 1998, OECD, 2015), some methodological 124 

differences were tolerated when comparing data for earthworms and enchytraeids. For example, in 125 

reproduction tests, cocoons or juveniles were counted for earthworms, while the number of juveniles 126 

was counted for enchytraeids. The duration of the experiment was also not the same for standard tests 127 

of earthworms and enchytraeids, i.e., 21 and 42 days, respectively. 128 

For both earthworms and enchytraeids, when the endpoint value was not given as a precise number but 129 

was bounded by > or <, the data were adjusted as follows: in the case of LC50 > x, the data were not 130 
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considered to indicate that the sensitivity of the organism would be overestimated by considering x as 131 

the LC50 value. In the case of LC50 < x, the x value was used, and it is conservative to consider x as the 132 

LC50 value. This latter case represented 20 of the 330 observations in the database (i.e., 6% of the 133 

data). 134 

Four comparisons involving boric acid were found in two studies (Becker et al., 2011, Niemeyer et al., 135 

2018). Becker et al. (2011) characterized boric acid as a fertilizer and fungicide, but Niemeyer et al. 136 

(2018) did not mention any role or expected effect. Boric acid can be used as an insecticide, acaricide, 137 

herbicide, or fungicide (Büyükgüzel et al., 2013). Since it can be placed in different subcategories 138 

(insecticide, fungicide, and fertilizer), it was placed into the "others" category. 139 

2.3. Effect size calculation 140 

When the standard deviation (SD) was not given directly from a table, it was calculated with the t 141 

distribution for small samples (n<60) using the following formula (Higgins & Green, 2011): 142 

𝑆𝐷 = √𝑛 ∗ 
𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝐶𝐼 –  𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝐶𝐼

𝑡𝑎𝑙𝑝ℎ𝑎,𝑑𝑓  ∗  2
 143 

With talpha,df, the T.INV.2T functions in syntax with two associated arguments: probability, associated 144 

with Student's t-distribution (here, the alpha=0.05 to respect the 95% CI from extracted data), and 145 

degrees of freedom (equal to the group sample size - 1). 146 

When neither the 95% CI nor the SD were given, we used the worst-case scenario, i.e., the highest SD 147 

calculated for the same endpoint in the database (LC10, LC50, EC10, EC20, EC50). NOEC and LOEC 148 

values have no variance, so their standard deviation (SD) was set to zero. When the number of 149 

replicates was not the same between the treatments and the control, the lower number was considered 150 

to be conservative (i.e., less weight was given to the study). When the number of replicates was not 151 

given and the tests referred to ISO standards, we considered the number of replicates advised in 152 

official procedures (e.g., ISO, 1998, OECD, 2015). The confidence intervals (CIs) for each estimate of 153 

effect size were calculated using bias-corrected bootstrapping methods, which corrects for 154 

nonnormality of the data and nonconstant standard errors (Efron & Hastie, 2016). 155 
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Hedge's d is a standardized mean difference that accounts for the potential bias in estimating 156 

population effect size (Hedges & Olkin, 1985). The magnitude of the difference between earthworm 157 

and enchytraeid sensitivities was calculated with the Hedge metric using the natural logarithm of the 158 

response ratio (LRR) as follows (van Groenigen et al., 2014): 159 

𝐿𝑅𝑅 = 𝑙𝑛(
𝑥𝑖

𝑥𝑢
) 160 

with xi and xu being the values of the enchytraeid and earthworm endpoints, respectively. Therefore, 161 

when the LRR equals zero, the two organisms have the same sensitivity. 162 

The LRR variance (V) was calculated as follows (van Groenigen et al., 2014): 163 

𝑉 =
1

𝑛𝑖
∗ (

𝑆𝐷𝑖

𝑥𝑖
)

2

+  
1

𝑛𝑢
∗ (

𝑆𝐷𝑢

𝑥𝑢
)

2

 164 

where xi and xu are the mean values of the endpoints for earthworms and enchytraeids, respectively; 165 

𝑆𝐷𝑖 and 𝑆𝐷𝑢 are the standard deviations of the endpoint values for enchytraeid and earthworm, 166 

respectively; and 𝑛𝑖 and 𝑛𝑢 are the sample sizes in the enchytraeid and earthworm tests, respectively. 167 

Finally, effect sizes were weighted by the inverse of their variance in all the models, giving more 168 

weight to well-replicated studies (Koricheva et al., 2013). 169 

3. Meta-analysis 170 

3.1. General modelling approach 171 

Every model incorporated a random effect associated with the study's identity to accommodate 172 

correlated data arising from the same study (Viechtbauer, 2010). The models were selected using the 173 

Akaike information criterion (AIC). This criterion represents a compromise between bias decreasing 174 

with the number of free parameters and parsimony, the desire to describe the data with as few 175 

parameters as possible. Lower AIC values indicate a better-fit model; therefore, for each calculation, 176 

the smallest AIC was considered for the LRR calculation. Random effect models were tested for the 177 

lines (to allow the real effect to vary from one dataset to another), the authors (to allow the actual 178 
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effect to vary from one article to another), and a combination of the two (Borenstein et al., 2010). A 179 

combination of the two modalities was associated with a lower AIC for every case, and these models 180 

were systematically used. For each model, we used the restricted maximum likelihood (REML) 181 

method, which aims to provide unbiased estimates of variance components by accounting for fixed 182 

effects in the model. All analyses were performed with R Software (R Development Core Team, 2014) 183 

using the metafor package (Viechtbauer, 2010). 184 

3.2. Analysis 185 

First, a meta-analysis was carried out using estimated overall effect size in a multivariate linear model, 186 

calculated using the rma.mv function from the metafor package in R (Viechtbauer, 2010). In the 187 

context of a meta-analysis, the effect size (with its 95% confidence interval) is a standardized measure 188 

that quantifies the magnitude of the treatment effect or association across all included studies. Then, 189 

the logarithm of the response ratio (LRR) was calculated to explore, throught earthworm and 190 

enchytraeid endpoints, the results of this model on all the data, all the factors and all the species 191 

combined. This main model enabled us to test our first assumption (H1). 192 

We also compared earthworm and enchytraeid data by splitting them according to the studied 193 

endpoints (i.e., reproduction or survival rate) to test the second assumption (H2). We further 194 

investigated the effects of the different stressors (H3) on the response ratio (LRR) by stressor category, 195 

a moderator with 4 levels: pesticides, metals, wastes, and others. We finally investigated the potential 196 

"species effect" of the most represented earthworm and enchytraeid species (H3), using the response 197 

ratio of the earthworm species categorical moderator at 2 levels (i.e., E. andrei and E. fetida, which 198 

accounted for 48% and 41%, respectively; Table S1), coupled with the enchytraeid species categorical 199 

moderator at 2 levels (i.e., E. albidus and E. crypticus, which accounted for 27% and 73%, 200 

respectively; Table S1). 201 

Publication bias was assessed by Egger's regression test for funnel plot asymmetry between the 202 

standard normal deviation of the effect sizes and precision (i.e., inverse of their standard errors). We 203 

retained the multilevel linear model rma.mv by adding a standard error moderator. This test is 204 
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powerful given the fairly large number of studies. The findings demonstrated the absence of 205 

publication bias: we detected no significant asymmetry (z-value = -0.62; p value = 0.53) in the funnel 206 

plot (Fig. S1), as none of the intercepts from Egger's regression exhibited a significant deviation from 207 

zero. 208 

4. Results 209 

4.1. Data description 210 

Location Fig. 1 211 

The 49 selected studies addressed a total of 30 different stressors (Figure 1) classified into four 212 

different categories. “Metals” accounted for 39.7% of the observations, with the most represented 213 

being molybdenum (2 studies, 36 observations) and zinc (2 studies, 19 observations). “Pesticides” 214 

represented 25.5%, with subcategories including insecticides (13 studies, 52 observations), fungicides 215 

(6 studies, 31 observations) and herbicides (1 study, 1 observation). Among all the observations, 216 

14.2% were classified into the “Wastes” category, which is widely represented by vinasse (1 study, 26 217 

observations). Finally, “Others” accounted for 20.6% of the observations, with polycyclic aromatic 218 

compounds (2 studies, 30 observations) and pesticide additives (1 study, 22 observations) being the 219 

most represented. In total, 98.8% of the data concerned contaminant tests (all the stressors studied 220 

except for the 4 observations for the electrical conductivity), even though no restrictions were imposed 221 

during the literature search. 222 

The 49 selected studies reported reproduction endpoints in 71.2% of the cases (43 studies, 235 223 

observations), survival in 20.9% (20 studies, 69 observations), avoidance in 4.54% (3 studies, 15 224 

observations), growth in 2.4% (1 study, 8 observations), and population abundance in 1% (1 study, 3 225 

observations), with EC50 (106 observations) and NOEC (68 observations) calculations dominating 226 

(Table 1). 227 

Location Tab.1 228 
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In total, five earthworm species and three enchytraeid species were used in the comparisons (Table 2). 229 

Together, E. andrei and E. fetida accounted for 89% of the total number of observations. E. crypticus 230 

was the most represented enchytraeid species among the observations. 231 

Location Tab.2 232 

4.2. Meta-analysis results 233 

When considering all the stressors together, earthworms and enchytraeids were found to be equally 234 

sensitive, as the mean effect size was -0.61 [-2.53, 1.31] (Fig. 2a). The results were considered non-235 

significant because the confidence interval crosses zero, indicating no statistically significant effect. 236 

Similarly, exploration of the data across the four stressor types yielded nonsignificant results (Fig. 2b), 237 

with each confidence interval intersecting zero. 238 

Location Fig.2 239 

Similarly, when the data on mortality (i.e., LC10, LC50, and some NOEC and LOEC data) and those on 240 

reproduction (i.e., some EC10, EC20, EC25, EC50, LOEC, NEC and NOEC) were considered separately 241 

(Fig. 3), no difference in sensitivity was found between earthworms and enchytraeids. 242 

Location Fig3 243 

The sensitivities of the different species were assessed when the dataset was statistically sufficient for 244 

comparison. Therefore, E. andrei (earthworm) data were compared with E. crypticus (enchytraeid) 245 

data, E. andrei with E. albidus (enchytraeid), E. fetida (earthworm) with E. albidus and E. fetida with 246 

E. crypticus. The sensitivities of these species were similar (Fig. S2). 247 

5. Discussion 248 

This study allowed us to quantitatively compare the relative sensitivities of earthworms and 249 

enchytraeids to different types of stressors. On the basis of 49 published studies and 330 observations, 250 

we revealed similar sensitivities to stressors in these two soil organisms (H1). The conclusion was the 251 

same when considering the different stressors, species or endpoints separately (H2 and H3). Although 252 
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the differences were not significant, enchytraeids tended to be slightly more sensitive to metals, 253 

pesticide additives and electrical conductivity. In contrast, earthworms tended to be slightly more 254 

sensitive to pesticides regardless of their mode of action (fungicide or insecticide), but the differences 255 

were still nonsignificant. Large confidence intervals were found for all mean effect sizes. This 256 

variability was probably due to the variety of test conditions used for the observations; in particular, 257 

the tested substances revealed alternating greater sensitivities of enchytraeids or earthworms. 258 

Moreover, the high number of studies with no information on data uncertainty (e.g., standard 259 

deviation) (i.e., 58 observations) could explain the absence of significant differences since when 260 

neither the 95% CI nor the SD was given, we used a conservative approach by giving the highest SD 261 

calculated for the same endpoint in the database. 262 

These results are not in accordance with our assumptions that enchytraeids are less sensitive than 263 

earthworms to different stressors (H1), that differences in sensitivity are mainly observed when 264 

mortality is assessed (H2), and that the relative sensitivity of both groups of organisms varies 265 

according to the tested stressor and the considered species (H3). Enchytraeids, which are smaller than 266 

earthworms and 80% microbivorous and 20% saprovorous (Didden, 1990, 1993), ingest less material 267 

and smaller particles than earthworms in soils and thus could be less exposed to chemicals (Tourinho 268 

et al., 2021, Coleman et al., 2004). However, the relationship between size and sensitivity is debatable, 269 

as earthworms are much larger than springtails but are less sensitive to all kinds of pesticides, such as 270 

formulations or active substances (Joimel et al., 2022). Moreover, in the same study (Joimel et al., 271 

2022), differences in sensitivity were reported between springtails and enchytraeids, but both of these 272 

taxonomic groups belong to the same size class (i.e., soil mesofauna). Small animals have a greater 273 

surface area-to-volume ratio than larger organisms and are thus potentially more exposed to external 274 

stressors. Regarding chemicals, the size class would be of particular importance if the main route of 275 

exposure was dermal contact. Enchytraeids live in close contact with the soil porewater fraction, and 276 

their routes of exposure are dermal, intestinal and respiratory and earthworms one is dermal but also 277 

dietary exposure (Lock & Janssen, 2003, Römbke, 2003, Hirano & Tamae, 2011). Earthworms, which 278 

might be thought to be more sensitive to chemicals at first glance due in particular to their larger size, 279 
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can ultimately be less exposed than small enchytraeids in soils. Both earthworms and enchytraeids 280 

must maintain a moist body surface to facilitate oxygen absorption through their tegument, which is 281 

highly permeable to water. Pesticide characteristics (e.g., polarity, solubility in water) influence the 282 

available concentrations in water and in soils, leading to varying sensitivities among taxonomic 283 

groups. In accordance with our results, Römbke and Moser (2002) concluded that the overall range of 284 

sensitivities of oligochaetes to chemicals was usually quite similar. These authors linked the lack of 285 

differentiation between the sensitivities of E. albidus and E. fetida exposed to carbendazim to the high 286 

toxicity of this persistent compound. More research should be dedicated to quantifying the different 287 

routes of exposure to chemicals for soil organisms to better understand their respective sensitivities in 288 

different situations. Moreover, both earthworms and enchytraeids can be considered in risk 289 

assessments, and while earthworms are most commonly used, there are many reasons to support the 290 

use of enchytraeids in testing. Enchytraeids can thrive in soils where earthworms are scarce (Jarratt & 291 

Thompson, 2009). Moreover, Römbke et al. (1994) encouraged the use of enchytraeids when 292 

comparing laboratory results with those obtained under semifield and field conditions, as the same 293 

species (or closely related species) can be used at all test levels. Other practical and ecological points 294 

(ease of handling and rearing, short generation time, reduced soil requirements, cost-effectiveness) 295 

make them good organisms for inclusion in laboratory experiments (Römbke & Moser, 2002). 296 

Among the tested species, the earthworm Eisenia sp. represented 89% of all species included in the 297 

selected studies. E. fetida and E. andrei are composting worms that are not representative of mineral 298 

soils and are less sensitive to pesticides than species found in cultivated fields (Pelosi et al., 2013). 299 

However, these species are recommended as standard test organisms in various guidelines, such as 300 

those of the OECD (OECD, 1984) and ISO (ISO, 1993, 1998, 2019), and have been widely used in 301 

published ecotoxicological studies, mainly because they are easy to rear. A few studies have used 302 

species that are found in agricultural soils. In Bart et al. (2017), the LC50 and EC50 values were 303 

systematically lower for A. caliginosa (earthworm) than for E. albidus (enchytraeid) (Table S1). In 304 

Holmstrup and Krogh (2001), the opposite occurred, with systematically higher LC50 and EC50 values 305 

for A. caliginosa and A. longa (earthworm) than for E. albidus (Table S1). Thus, the results should be 306 
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contrasted according to the tested stressor, and additional data are needed to assess the sensitivity of 307 

earthworms and enchytraeid species commonly found in the field. 308 

The choice was made here to select studies that provided ecotoxicological endpoint values to facilitate 309 

comparisons between earthworms and enchytraeids. Potentially, interesting studies have been 310 

excluded that compared both organisms. For instance, Amossé et al. (2018) assessed the short-term 311 

effects of two fungicides (Cuprafor Micro® made of copper oxychloride and Swing Gold® made of 312 

epoxiconazole and dimoxystrobin) on enchytraeid and earthworm communities under field conditions. 313 

They found greater negative effects on the diversity and community structure of earthworms than on 314 

those of enchytraeids. Similarly, Pereira et al. (2018) studied the degree to which seawater intrusion 315 

and irrigation threaten biodiversity via a terrestrial model ecosystem (TME) approach. They found that 316 

the abundance of only enchytraeids significantly decreased, although earthworms generally suffered. 317 

These field or semifield studies allowed us to investigate the sensitivity of several species found in 318 

natural soils under realistic conditions, which offers more comprehensive insight into the ecological 319 

dynamics of the systems (Wall & Moore, 1999). TMEs, which were proposed in the 1990 s, are useful 320 

experimental systems for assessing the impact of factors such as pollution or climate change on 321 

terrestrial ecosystems. 322 

Although the literature search was performed to include all kinds of stressors in this study, the great 323 

majority of the articles in our final selection concerned chemicals. Very few data are available on the 324 

effects of climatic parameters on soil organisms (Classen et al., 2015), and data comparing their 325 

responses to these parameters remain scarce (Otomo, 2011). However, earthworms and enchytraeids, 326 

in addition to all other soil organisms, are increasingly having to cope with climate change (Pritchard, 327 

2011). Warming, changes in precipitation regimes, and changes in the quantity and quality of soil 328 

carbon inputs can disrupt the habitat and food resources of soil-living organisms, affecting their 329 

survival and reproductive capabilities (Maraldo & Holmstrup, 2009). Some species, such as the 330 

enchytraeid Cognettia sphagnetorum, which has strong potential to recover from severe drought stress 331 

events, appear to have adaptive potential to climate parameters (Maraldo & Holmstrup, 2009). They 332 

can vertically migrate as a strategy for evading dry surface layers and high temperatures (Springett et 333 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 14 
 
 

al., 1970). However, these organisms were found to have no genetic adaptation to drought, as drought-334 

exposed populations of enchytraeids had the same high sensitivity as those from unexposed control 335 

plots (Maraldo, 2009). E. albidus has a high osmotic pressure on its body fluids and can live in 336 

environments with strong fluctuations in moisture (Maraldo, 2009), which also enables Fridericia 337 

galba to survive in soil with a water retention capacity of less than 20% (corresponding to values 338 

below -9.8 bar) for more than 49 days (Dózsa-Farkas 1973). However, additional research is needed to 339 

understand the physiological responses of enchytraeids to desiccation. Earthworms are known to be 340 

sensitive to drought and high temperatures (Bayley et al., 2010; Lima et al., 2015; González-Alcaraz 341 

& van Gestel, 2016), but they have adaptive strategies such as diapause or other physiological 342 

mechanisms, such as an increase in the free amino acid alanine, to survive long periods of drought 343 

(Holmstrup et al., 2016; Jiménez & Decaëns, 2004). Thus, in the actual context of climatic 344 

disturbances and knowing the potential effects of combined stressors on soil organisms (e.g., 345 

Bindesbøl et al., 2005; Jensen et al., 2009; Singh et al., 2019), the equilibrium between species and 346 

taxa could be modified in natural ecosystems in the future. Maraldo et al. (2006) noted that the 347 

synergistic effects of climate change factors and environmental contamination on enchytraeids have 348 

been insufficiently explored. Further studies should assess the effects of climatic parameters on 349 

functionally useful soil organisms and their relative sensitivity to desiccation or heat in realistic 350 

contexts. 351 

We also know that enchytraeids are tolerant of soil acidity (Römbke, 1991), whereas earthworm 352 

abundance and diversity are generally low in acidic soils (Chan & Mead, 2003, Moore et al., 2013, Wu 353 

and al., 2020). Enchytraeids exhibit high tolerance to other soil properties (clay and organic matter 354 

contents) (Kuperman et al., 2006; van Gestel et al., 2011, Castro-Ferreira et al., 2012) and temperature 355 

(Holmstrup et al., 2022). However, once again, there is no real comparison to date. The combined 356 

effects of stressors related to soil properties and climate were examined by Yli-Olli and Huhta (2000), 357 

who assessed the co-occurrence of soil pH, moisture and resource addition on Dendrobaena octaedra 358 

(Lumbricidae) and Cognettia sphagnetorum (Enchytraeidae). They found that D. octaedra exhibited 359 
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the highest biomass in spruce stand humus at higher pH values, while C. sphagnetorum thrived best at 360 

higher moisture levels. 361 

6. Conclusion 362 

For the first time, this exhaustive synthesis provides a quantitative comparison of the sensitivity of 363 

earthworms versus enchytraeids to extrinsic factors (such as metals and pesticides) potentially 364 

affecting soil organisms. Under laboratory conditions, comparable sensitivities were found for 365 

earthworms and enchytraeids regardless of the studied species, or endpoint. Therefore, to test the 366 

effects of metals or pesticides, we could recommend testing on one of these groups in order to limit 367 

costs and labour. However, for other stressors such as climate parameters and for a thorough 368 

understanding of soil functioning, it remains crucial to consider the physiological responses of both 369 

groups due to their distinct ecological roles and potential sensitivity difference. Moreover, to fully 370 

capture the complexity of natural habitats, it would be relevant to use species inhabiting mineral soils 371 

instead of model species commonly found in organic rich habitats. For decades, researchers have been 372 

deepening their understanding of the impacts of natural and anthropic stressors on soil fauna and their 373 

related functions, which has allowed to reveal the importance of maintaining the presence and function 374 

of biodiversity in our soils. Let’s keep digging in that direction. 375 
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Figure captions – EVERY FIGURES IN COLOR PLEASE 1 

Figure 1. Relative coverage of different stressors tested for the earthworms and enchytraeids 2 

sensitivity comparisons, in 330 observations from 49 studies. Sunburst diagram representing 3 

proportions of observations for each category. 4 

 5 

Figure 2. Log ratio of the mean effect size (in bold) and its 95% confidence interval (in square 6 

brackets) for (a) all stressors, and (b) the different stressor types separately: pesticides, metals, wastes 7 

and others stressors. The number of observations and papers are into round brackets. Error bars 8 

correspond to 95% confidence intervals computed either from the standard deviations reported by the 9 

authors when available (292 data for earthworm; 293 data for enchytraeids) or from the standard 10 

deviation using the worst-case scenario (38 data for earthworms; 37 data for enchytraeids). On the left 11 

of the 0: higher sensitivity of enchytraeids; on the right: higher sensitivity of earthworms. 12 

 13 

Figure 3. Log ratio of the mean effect size (in bold) and its 95% confidence interval (in square 14 

brackets) for (a) survival endpoints, and (b) reproduction endpoints. The number of observations and 15 

papers are into round brackets. Error bars correspond to 95% confidence intervals computed either 16 

from the standard deviations reported by the authors when available (314 data for earthworm; 309 data 17 

for enchytraeids concerning reproduction data; 316 data for earthworm; 318 data for enchytraeids 18 

concerning survival data ) or from the standard deviation using the worst-case scenario (16 data for 19 

earthworms; 21 data for enchytraeids concerning reproduction data; 14 data for earthworms; 14 data 20 

for enchytraeids concerning survival data). On the left of the 0: higher sensitivity of enchytraeids; on 21 

the right: higher sensitivity of earthworms.  22 

Figure Click here to access/download;Figure;2024_fig.docx
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TABLES 1 

Tab.1. Summary table of the number of observations relating to the different endpoints used for the 2 

comparisons of the sensitivity of earthworms and enchytraeids in 330 observations from 49 studies. 3 

ECx Effect Concentration; LCx Lethal Concentration; NOEC No Observed Effect Concentration; 4 

LOEC Lowest Observed Effect and NEC No Effect Concentration.   5 

ECx 
Number of 

observations 
LCx 

Number of 

observations 
Other 

Number of 

observations 

EC50 106 LC50 37 NOEC 68 

EC10 44 LC10 10 LOEC 36 

EC20 23   NEC 2 

EC25 4         

 6 

 7 

Tab.2. Summary table of the repartition of the species (in percent) used in for the comparisons of the 8 

sensitivity of earthworms and enchytraeids in 330 observations from 49 studies. 9 

Earthworm species % Enchytraeid species % 

Eisenia andrei 48 Enchytraeus crypticus 73 

Eisenia fetida 41 Enchytraeus albidus 27 

Dendrobaena veneta 5  Enchytraeus luxurious <1 

Aporrectodea caliginosa 4   

Aporrectodea longa 2     

 10 

Table (Editable version) Click here to access/download;Table (Editable
version);2024_tab.docx

https://www2.cloud.editorialmanager.com/ejsobi/download.aspx?id=81484&guid=8346e07a-e05c-4e37-8175-005c93bc838f&scheme=1
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1. Introduction 1 

Earthworms and enchytraeids are macro- and meso-organisms, respectively, that perform several key 2 

functions in soils. At different spatial and temporal scales, both taxa are involved in litter 3 

fragmentation and organic matter decomposition (Marinissen & Didden, 1997, Brown et al., 2000), 4 

soil nutrient dynamics (Lavelle et al., 1998; Cole et al., 2002), soil formation (Lavelle et al., 1988, 5 

Topoliantz et al., 2000), soil structure dynamics via bioporosity (van Vliet et al., 1993, Edwards & 6 

Bohlen 1996), and regulation of microbial biomass (Hedlund & Augustsson, 1995, Brown et al., 7 

2000). Because they play key roles in the functioning of agroecosystems and are abundant in many 8 

ecosystems, earthworms and enchytraeids are both used as bioindicators of land use, agricultural 9 

practices and chemical stress (OECD, 1984, Paoletti, 1999, Didden & Römbke, 2001, Pelosi & 10 

Römbke, 2017). 11 

The ecological niches and behaviours of these two groups do not necessarily overlap (Didden et al., 12 

1997): For example, the earthworm Lumbricus terrestris creates extensive burrows that improve water 13 

infiltration. In contrast, enchytraeids, such as Enchytraeus albidus, play a crucial role in nutrient 14 

cycling by decomposing finer organic materials in the soil, their activities are more concentrated in the 15 

upper soil layers and leaf litter. Therefore, they can provide complementary functions in soils and 16 

complementary information on soil quality (Postma-Blaauw et al., 2012). Under natural conditions, 17 

both earthworms and enchytraeids face stressors of different origins. In agricultural soils, tillage or 18 

chemical inputs such as pesticides may harm these soil organisms (van Capelle et al., 2012, Beketov et 19 

al., 2013). Moreover, climate change has increased the vulnerability of soils and terrestrial biodiversity 20 

(IPCC 2022). Phillips et al. (2019) showed that climate variables were more important than soil 21 

properties or habitat cover in shaping earthworm communities. Drought periods and intense 22 

precipitation events now occur more frequently and cause dramatic disruptions to soil biological, 23 

physical and chemical parameters (Bellard et al., 2012). Thus, the extreme variations in soil moisture 24 

as well as the exposure to soil tillage and high quantities of chemicals—directly applied to the soil 25 
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surface—can disturb these organisms, their metabolism and the interactions between them (Mäder et 26 

al., 2002, Bengtsson et al., 2005). 27 

Earthworms and enchytraeids are both soft-bodied soil invertebrates, and enchytraeids are considered 28 

the closest relatives to earthworms according to Erséus and Källersjö (2004). Enchytraeids have been 29 

compared to other soil meso-organisms, such as springtails (Urarov & Karaban, 2015, Hlavkova et al., 30 

2020) or nematodes (Hagner et al., 2010), more often than to earthworms. Moreover, in some studies, 31 

different endpoints have been assessed for enchytraeids and earthworms to obtain additional data on 32 

the effects of stressors (Niva et al., 2021); therefore, the sensitivities of these two organismal groups 33 

cannot be compared. Among the studies that have properly compared earthworms and enchytraeids, 34 

some have shown that enchytraeid species exhibit a lower sensitivity than earthworms to certain 35 

chemicals and climatic parameters. In Bart et al. (2017), earthworms experienced a decrease in 36 

biomass, and they avoided soil contaminated with a copper fungicide at a lower concentration than 37 

enchytraeids. Holmstrup et al. (2022) noted that, in Arctic areas, the enchytraeid Enchytraeus albidus 38 

individuals had superior freezing tolerance than earthworms. Moreover, Sverdrup et al. (2002) 39 

reported that Enchytraeus crypticus exhibited a lower sensitivity to polycyclic aromatic compound 40 

exposure than the earthworm Dendrobaena veneta; however, their respective sensitivities can vary 41 

according to the compound itself. In contrast, enchytraeids reportedly exhibit a greater sensitivity to 42 

pesticides (e.g., Sechi et al., 2014 – insecticide alpha-cypermethrin) and pig manure (Segat et al., 43 

2020) than earthworms. Finally, Römbke and Moser (2002), based on the results of an international 44 

ring test involving 29 institutions from 15 European countries, noted that there was no clear answer as 45 

to the sensitivity of the species tested (Eisenia fetida/Eisenia andrei or E. albidus) to two chemicals 46 

(the fungicide carbendazim and the industrial chemical 4-nitrophenol). The authors concluded that 47 

there was no "most sensitive species”. Other studies comparing earthworms to enchytraeids have 48 

shown similar sensitivities between both soil organisms through a wide range of stress factors, such as 49 

uranium (Caetano et al., 2014), electrical conductivity (Gainer et al., 2019), polycyclic aromatic 50 

compounds (Kobeticova et al., 2008) and lindane, an insecticide (Lock et al., 2002). A report 51 

published in 2009 by Jarratt and Thompson showed mixed conclusions on the sensitivities of 52 
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enchytraeid and earthworm species to chemicals, although they suggested that the mortality test results 53 

indicate that Enchytraeidae species may be less sensitive than earthworms. They reported a lower 54 

sensitivity for enchytraeids in some cases but noted that the current data do not show consistent 55 

differences in sensitivity between Lumbricidae and Enchytraeidae in the laboratory or under 56 

semifield/field conditions. To summarize, the message is not clear, perhaps due to the non-quantitative 57 

nature of all these assessments. 58 

The aim of this study was to quantify the relative sensitivities of earthworms and enchytraeids to all 59 

kinds of stressors (i.e., any factor likely to negatively affect earthworms and enchytraeids at any level 60 

of biological organization). For that purpose, we performed a meta-analysis based on an exhaustive 61 

bibliographical review that included all the studies using both earthworms and enchytraeids under the 62 

same test conditions (e.g., same soil, tested stressor). We determined the difference in sensitivity to 63 

specific stressors according to the following assumptions: (H1) enchytraeids are generally less 64 

sensitive than earthworms to different stressors, (H2) differences in sensitivity are mainly observed 65 

when mortality is assessed compared to reproduction or avoidance, and (H3) the relative sensitivities 66 

of both groups of organisms vary according to the tested stressor and the considered species. Our 67 

findings highlight the specific gaps in the literature regarding the sensitivity of these organisms to 68 

different stressors, emphasizing the need for future research to address these gaps. 69 

2. Methods 70 

2.1. Literature search and inclusion/exclusion criteria 71 

A systematic literature review was conducted in January 2023 to find publications dealing with 72 

earthworms and enchytraeids exposed to different stressors. The literature search was carried out on 73 

the basis of keywords in the ISI Web of Knowledge, using the ‘‘All Databases’’ option, with the 74 

following scheme: ‘(enchytr* OR potworm* OR achaet* OR bryodril* OR buchlol* OR 75 

cernosvitoviel* OR cognat* OR frideric* OR guaranidril* OR lumbricil* OR hemienchytr* OR 76 

oconnorel* OR hemifrideric* OR henl* OR marionin* OR mesenchytr*) and (earthworm* OR 77 

lumbric* OR aporrect* OR eisen* OR dendrob* OR alloloboph* OR octalas* OR dendrodril* OR 78 
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diporodril* OR eophil* OR helodril* OR kritodril* OR octodril* OR prosellodril* OR scherothec* 79 

OR satchell* OR proctodril* orodril* OR postandril* OR perelia* OR andrei* OR fetid* OR foetid*)’ 80 

in Topics. From a total of 967 references, a first selection was made using titles and abstracts. The full 81 

texts were examined when the information was considered consistent for the meta-analysis. To 82 

complete the search, bibliographic reviews that included both annelids were selected, and references 83 

were carefully examined to extract any new articles that could be relevant for the meta-analysis. 84 

We considered only publications providing data on terrestrial earthworms and enchytraeids, all species 85 

included. For instance, papers dealing with aquatic and bioluminescent worm species were excluded 86 

(Rodionova et al., 2017). The data on earthworms and enchytraeids had to be from the same study to 87 

compare the sensitivity of these groups under the same conditions (e.g., active substance, type of 88 

substrate). Moreover, we did not consider studies dealing with chemical bioaccumulation in animals, 89 

as bioaccumulation cannot be easily correlated with certain factors (Tosza et al., 2010; Santorufo et al., 90 

2012). We selected only the studies where the tested factors were supposed to be harmful to soil 91 

organisms, specifically those detrimental to their life cycle parameters (e.g., survival, growth, 92 

fecundity, juvenile survival). We did not consider studies on biochar addition (possibly beneficial to 93 

them, e.g., Briones et al., 2020) or on tillage (Engell et al., 2021) because these factors can be 94 

beneficial to enchytraeid populations (e.g., Pelosi & Römbke, 2016). Regarding organic and inorganic 95 

waste, one paper was kept because it focused on contaminated incineration ash (Kobetičová et al., 96 

2010). The final set was composed of 49 publications (i.e., 48 papers and one PhD thesis), which 97 

included 330 lines in the database (Table S1). 98 

2.2. Data extraction 99 

For each of the 49 studies, the following data were recorded (Table S1): 100 

- author, date of publication, 101 

- stressor type (i.e., pesticides, metals, wastes, others); 102 

- stressor subcategory (i.e., for pesticides: fungicide, herbicide and insecticide; for metals: 103 

antimony, barium, beryllium, cadmium, chromium, copper, lanthanum, manganese, mercury, 104 
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molybdenum, nickel, lead, silver, uranium and zinc; for wastes: inorganic waste, organic waste, 105 

vinasse, pig manure waste, mineral byproducts, and dredged sediment; for others: pesticide 106 

additive, boric acid, electrical conductivity, linear alkylbenzene sulfonate, chlorinated paraffins 107 

and polycyclic aromatic compounds); 108 

- earthworm species (i.e., Aporrectodea caliginosa, Aporrectodea longa, Dendrobaena veneta, 109 

Eisenia andrei and Eisenia fetida) and enchytraeid species (i.e., Enchytraeus albidus, 110 

Enchytraeus crypticus and Enchytraeus luxurious); 111 

- the observed variable (i.e., survival, reproduction, avoidance, growth, population abundance) 112 

and its measured endpoint (LCx: lethal concentration; ECx: effect concentration; NOEC: no 113 

observed effect concentration; NEC: no effect concentration; and LOEC: lowest observed 114 

effect concentration);  115 

- the mean value of the endpoints with the standard error, standard deviation, or the respective 116 

95% confidence intervals; 117 

- and the number of replicates. 118 

As the choice was made to select studies that provided ecotoxicological endpoint values to ease the 119 

comparison between earthworms and enchytraeids, all the selected studies were laboratory 120 

experiments. 121 

First, the data were collected from available tables; otherwise, the data were collected from the text. 122 

Searching for data in the figures (graphs) was not ruled out, but none of the data matched our search 123 

criteria. Because of compliance with ISO standards (ISO, 1998, OECD, 2015), some methodological 124 

differences were tolerated when comparing data for earthworms and enchytraeids. For example, in 125 

reproduction tests, cocoons or juveniles were counted for earthworms, while the number of juveniles 126 

was counted for enchytraeids. The duration of the experiment was also not the same for standard tests 127 

of earthworms and enchytraeids, i.e., 21 and 42 days, respectively. 128 

For both earthworms and enchytraeids, when the endpoint value was not given as a precise number but 129 

was bounded by > or <, the data were adjusted as follows: in the case of LC50 > x, the data were not 130 
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considered to indicate that the sensitivity of the organism would be overestimated by considering x as 131 

the LC50 value. In the case of LC50 < x, the x value was used, and it is conservative to consider x as the 132 

LC50 value. This latter case represented 20 of the 330 observations in the database (i.e., 6% of the 133 

data). 134 

Four comparisons involving boric acid were found in two studies (Becker et al., 2011, Niemeyer et al., 135 

2018). Becker et al. (2011) characterized boric acid as a fertilizer and fungicide, but Niemeyer et al. 136 

(2018) did not mention any role or expected effect. Boric acid can be used as an insecticide, acaricide, 137 

herbicide, or fungicide (Büyükgüzel et al., 2013). Since it can be placed in different subcategories 138 

(insecticide, fungicide, and fertilizer), it was placed into the "others" category. 139 

2.3. Effect size calculation 140 

When the standard deviation (SD) was not given directly from a table, it was calculated with the t 141 

distribution for small samples (n<60) using the following formula (Higgins & Green, 2011): 142 

𝑆𝐷 = √𝑛 ∗ 
𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝐶𝐼 –  𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝐶𝐼

𝑡𝑎𝑙𝑝ℎ𝑎,𝑑𝑓  ∗  2
 143 

With talpha,df, the T.INV.2T functions in syntax with two associated arguments: probability, associated 144 

with Student's t-distribution (here, the alpha=0.05 to respect the 95% CI from extracted data), and 145 

degrees of freedom (equal to the group sample size - 1). 146 

When neither the 95% CI nor the SD were given, we used the worst-case scenario, i.e., the highest SD 147 

calculated for the same endpoint in the database (LC10, LC50, EC10, EC20, EC50). NOEC and LOEC 148 

values have no variance, so their standard deviation (SD) was set to zero. When the number of 149 

replicates was not the same between the treatments and the control, the lower number was considered 150 

to be conservative (i.e., less weight was given to the study). When the number of replicates was not 151 

given and the tests referred to ISO standards, we considered the number of replicates advised in 152 

official procedures (e.g., ISO, 1998, OECD, 2015). The confidence intervals (CIs) for each estimate of 153 

effect size were calculated using bias-corrected bootstrapping methods, which corrects for 154 

nonnormality of the data and nonconstant standard errors (Efron & Hastie, 2016). 155 
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Hedge's d is a standardized mean difference that accounts for the potential bias in estimating 156 

population effect size (Hedges & Olkin, 1985). The magnitude of the difference between earthworm 157 

and enchytraeid sensitivities was calculated with the Hedge metric using the natural logarithm of the 158 

response ratio (LRR) as follows (van Groenigen et al., 2014): 159 

𝐿𝑅𝑅 = 𝑙𝑛(
𝑥𝑖

𝑥𝑢
) 160 

with xi and xu being the values of the enchytraeid and earthworm endpoints, respectively. Therefore, 161 

when the LRR equals zero, the two organisms have the same sensitivity. 162 

The LRR variance (V) was calculated as follows (van Groenigen et al., 2014): 163 

𝑉 =
1

𝑛𝑖
∗ (

𝑆𝐷𝑖

𝑥𝑖
)

2

+  
1

𝑛𝑢
∗ (

𝑆𝐷𝑢

𝑥𝑢
)

2

 164 

where xi and xu are the mean values of the endpoints for earthworms and enchytraeids, respectively; 165 

𝑆𝐷𝑖 and 𝑆𝐷𝑢 are the standard deviations of the endpoint values for enchytraeid and earthworm, 166 

respectively; and 𝑛𝑖 and 𝑛𝑢 are the sample sizes in the enchytraeid and earthworm tests, respectively. 167 

Finally, effect sizes were weighted by the inverse of their variance in all the models, giving more 168 

weight to well-replicated studies (Koricheva et al., 2013). 169 

3. Meta-analysis 170 

3.1. General modelling approach 171 

Every model incorporated a random effect associated with the study's identity to accommodate 172 

correlated data arising from the same study (Viechtbauer, 2010). The models were selected using the 173 

Akaike information criterion (AIC). This criterion represents a compromise between bias decreasing 174 

with the number of free parameters and parsimony, the desire to describe the data with as few 175 

parameters as possible. Lower AIC values indicate a better-fit model; therefore, for each calculation, 176 

the smallest AIC was considered for the LRR calculation. Random effect models were tested for the 177 

lines (to allow the real effect to vary from one dataset to another), the authors (to allow the actual 178 
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effect to vary from one article to another), and a combination of the two (Borenstein et al., 2010). A 179 

combination of the two modalities was associated with a lower AIC for every case, and these models 180 

were systematically used. For each model, we used the restricted maximum likelihood (REML) 181 

method, which aims to provide unbiased estimates of variance components by accounting for fixed 182 

effects in the model. All analyses were performed with R Software (R Development Core Team, 2014) 183 

using the metafor package (Viechtbauer, 2010). 184 

3.2. Analysis 185 

First, a meta-analysis was carried out using estimated overall effect size in a multivariate linear model, 186 

calculated using the rma.mv function from the metafor package in R (Viechtbauer, 2010). In the 187 

context of a meta-analysis, the effect size (with its 95% confidence interval) is a standardized measure 188 

that quantifies the magnitude of the treatment effect or association across all included studies. Then, 189 

the logarithm of the response ratio (LRR) was calculated to explore, throught earthworm and 190 

enchytraeid endpoints, the results of this model on all the data, all the factors and all the species 191 

combined. This main model enabled us to test our first assumption (H1). 192 

We also compared earthworm and enchytraeid data by splitting them according to the studied 193 

endpoints (i.e., reproduction or survival rate) to test the second assumption (H2). We further 194 

investigated the effects of the different stressors (H3) on the response ratio (LRR) by stressor category, 195 

a moderator with 4 levels: pesticides, metals, wastes, and others. We finally investigated the potential 196 

"species effect" of the most represented earthworm and enchytraeid species (H3), using the response 197 

ratio of the earthworm species categorical moderator at 2 levels (i.e., E. andrei and E. fetida, which 198 

accounted for 48% and 41%, respectively; Table S1), coupled with the enchytraeid species categorical 199 

moderator at 2 levels (i.e., E. albidus and E. crypticus, which accounted for 27% and 73%, 200 

respectively; Table S1). 201 

Publication bias was assessed by Egger's regression test for funnel plot asymmetry between the 202 

standard normal deviation of the effect sizes and precision (i.e., inverse of their standard errors). We 203 

retained the multilevel linear model rma.mv by adding a standard error moderator. This test is 204 
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powerful given the fairly large number of studies. The findings demonstrated the absence of 205 

publication bias: we detected no significant asymmetry (z-value = -0.62; p value = 0.53) in the funnel 206 

plot (Fig. S1), as none of the intercepts from Egger's regression exhibited a significant deviation from 207 

zero. 208 

4. Results 209 

4.1. Data description 210 

Location Fig. 1 211 

The 49 selected studies addressed a total of 30 different stressors (Figure 1) classified into four 212 

different categories. “Metals” accounted for 39.7% of the observations, with the most represented 213 

being molybdenum (2 studies, 36 observations) and zinc (2 studies, 19 observations). “Pesticides” 214 

represented 25.5%, with subcategories including insecticides (13 studies, 52 observations), fungicides 215 

(6 studies, 31 observations) and herbicides (1 study, 1 observation). Among all the observations, 216 

14.2% were classified into the “Wastes” category, which is widely represented by vinasse (1 study, 26 217 

observations). Finally, “Others” accounted for 20.6% of the observations, with polycyclic aromatic 218 

compounds (2 studies, 30 observations) and pesticide additives (1 study, 22 observations) being the 219 

most represented. In total, 98.8% of the data concerned contaminant tests (all the stressors studied 220 

except for the 4 observations for the electrical conductivity), even though no restrictions were imposed 221 

during the literature search. 222 

The 49 selected studies reported reproduction endpoints in 71.2% of the cases (43 studies, 235 223 

observations), survival in 20.9% (20 studies, 69 observations), avoidance in 4.54% (3 studies, 15 224 

observations), growth in 2.4% (1 study, 8 observations), and population abundance in 1% (1 study, 3 225 

observations), with EC50 (106 observations) and NOEC (68 observations) calculations dominating 226 

(Table 1). 227 

Location Tab.1 228 
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In total, five earthworm species and three enchytraeid species were used in the comparisons (Table 2). 229 

Together, E. andrei and E. fetida accounted for 89% of the total number of observations. E. crypticus 230 

was the most represented enchytraeid species among the observations. 231 

Location Tab.2 232 

4.2. Meta-analysis results 233 

When considering all the stressors together, earthworms and enchytraeids were found to be equally 234 

sensitive, as the mean effect size was -0.61 [-2.53, 1.31] (Fig. 2a). The results were considered non-235 

significant because the confidence interval crosses zero, indicating no statistically significant effect. 236 

Similarly, exploration of the data across the four stressor types yielded nonsignificant results (Fig. 2b), 237 

with each confidence interval intersecting zero. 238 

Location Fig.2 239 

Similarly, when the data on mortality (i.e., LC10, LC50, and some NOEC and LOEC data) and those on 240 

reproduction (i.e., some EC10, EC20, EC25, EC50, LOEC, NEC and NOEC) were considered separately 241 

(Fig. 3), no difference in sensitivity was found between earthworms and enchytraeids. 242 

Location Fig3 243 

The sensitivities of the different species were assessed when the dataset was statistically sufficient for 244 

comparison. Therefore, E. andrei (earthworm) data were compared with E. crypticus (enchytraeid) 245 

data, E. andrei with E. albidus (enchytraeid), E. fetida (earthworm) with E. albidus and E. fetida with 246 

E. crypticus. The sensitivities of these species were similar (Fig. S2). 247 

5. Discussion 248 

This study allowed us to quantitatively compare the relative sensitivities of earthworms and 249 

enchytraeids to different types of stressors. On the basis of 49 published studies and 330 observations, 250 

we revealed similar sensitivities to stressors in these two soil organisms (H1). The conclusion was the 251 

same when considering the different stressors, species or endpoints separately (H2 and H3). Although 252 
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the differences were not significant, enchytraeids tended to be slightly more sensitive to metals, 253 

pesticide additives and electrical conductivity. In contrast, earthworms tended to be slightly more 254 

sensitive to pesticides regardless of their mode of action (fungicide or insecticide), but the differences 255 

were still nonsignificant. Large confidence intervals were found for all mean effect sizes. This 256 

variability was probably due to the variety of test conditions used for the observations; in particular, 257 

the tested substances revealed alternating greater sensitivities of enchytraeids or earthworms. 258 

Moreover, the high number of studies with no information on data uncertainty (e.g., standard 259 

deviation) (i.e., 58 observations) could explain the absence of significant differences since when 260 

neither the 95% CI nor the SD was given, we used a conservative approach by giving the highest SD 261 

calculated for the same endpoint in the database. 262 

These results are not in accordance with our assumptions that enchytraeids are less sensitive than 263 

earthworms to different stressors (H1), that differences in sensitivity are mainly observed when 264 

mortality is assessed (H2), and that the relative sensitivity of both groups of organisms varies 265 

according to the tested stressor and the considered species (H3). Enchytraeids, which are smaller than 266 

earthworms and 80% microbivorous and 20% saprovorous (Didden, 1990, 1993), ingest less material 267 

and smaller particles than earthworms in soils and thus could be less exposed to chemicals (Tourinho 268 

et al., 2021, Coleman et al., 2004). However, the relationship between size and sensitivity is debatable, 269 

as earthworms are much larger than springtails but are less sensitive to all kinds of pesticides, such as 270 

formulations or active substances (Joimel et al., 2022). Moreover, in the same study (Joimel et al., 271 

2022), differences in sensitivity were reported between springtails and enchytraeids, but both of these 272 

taxonomic groups belong to the same size class (i.e., soil mesofauna). Small animals have a greater 273 

surface area-to-volume ratio than larger organisms and are thus potentially more exposed to external 274 

stressors. Regarding chemicals, the size class would be of particular importance if the main route of 275 

exposure was dermal contact. Enchytraeids live in close contact with the soil porewater fraction, and 276 

their routes of exposure are dermal, intestinal and respiratory and earthworms one is dermal but also 277 

dietary exposure (Lock & Janssen, 2003, Römbke, 2003, Hirano & Tamae, 2011). Earthworms, which 278 

might be thought to be more sensitive to chemicals at first glance due in particular to their larger size, 279 
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can ultimately be less exposed than small enchytraeids in soils. Both earthworms and enchytraeids 280 

must maintain a moist body surface to facilitate oxygen absorption through their tegument, which is 281 

highly permeable to water. Pesticide characteristics (e.g., polarity, solubility in water) influence the 282 

available concentrations in water and in soils, leading to varying sensitivities among taxonomic 283 

groups. In accordance with our results, Römbke and Moser (2002) concluded that the overall range of 284 

sensitivities of oligochaetes to chemicals was usually quite similar. These authors linked the lack of 285 

differentiation between the sensitivities of E. albidus and E. fetida exposed to carbendazim to the high 286 

toxicity of this persistent compound. More research should be dedicated to quantifying the different 287 

routes of exposure to chemicals for soil organisms to better understand their respective sensitivities in 288 

different situations. Moreover, both earthworms and enchytraeids can be considered in risk 289 

assessments, and while earthworms are most commonly used, there are many reasons to support the 290 

use of enchytraeids in testing. Enchytraeids can thrive in soils where earthworms are scarce (Jarratt & 291 

Thompson, 2009). Moreover, Römbke et al. (1994) encouraged the use of enchytraeids when 292 

comparing laboratory results with those obtained under semifield and field conditions, as the same 293 

species (or closely related species) can be used at all test levels. Other practical and ecological points 294 

(ease of handling and rearing, short generation time, reduced soil requirements, cost-effectiveness) 295 

make them good organisms for inclusion in laboratory experiments (Römbke & Moser, 2002). 296 

Among the tested species, the earthworm Eisenia sp. represented 89% of all species included in the 297 

selected studies. E. fetida and E. andrei are composting worms that are not representative of mineral 298 

soils and are less sensitive to pesticides than species found in cultivated fields (Pelosi et al., 2013). 299 

However, these species are recommended as standard test organisms in various guidelines, such as 300 

those of the OECD (OECD, 1984) and ISO (ISO, 1993, 1998, 2019), and have been widely used in 301 

published ecotoxicological studies, mainly because they are easy to rear. A few studies have used 302 

species that are found in agricultural soils. In Bart et al. (2017), the LC50 and EC50 values were 303 

systematically lower for A. caliginosa (earthworm) than for E. albidus (enchytraeid) (Table S1). In 304 

Holmstrup and Krogh (2001), the opposite occurred, with systematically higher LC50 and EC50 values 305 

for A. caliginosa and A. longa (earthworm) than for E. albidus (Table S1). Thus, the results should be 306 
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contrasted according to the tested stressor, and additional data are needed to assess the sensitivity of 307 

earthworms and enchytraeid species commonly found in the field. 308 

The choice was made here to select studies that provided ecotoxicological endpoint values to facilitate 309 

comparisons between earthworms and enchytraeids. Potentially, interesting studies have been 310 

excluded that compared both organisms. For instance, Amossé et al. (2018) assessed the short-term 311 

effects of two fungicides (Cuprafor Micro® made of copper oxychloride and Swing Gold® made of 312 

epoxiconazole and dimoxystrobin) on enchytraeid and earthworm communities under field conditions. 313 

They found greater negative effects on the diversity and community structure of earthworms than on 314 

those of enchytraeids. Similarly, Pereira et al. (2018) studied the degree to which seawater intrusion 315 

and irrigation threaten biodiversity via a terrestrial model ecosystem (TME) approach. They found that 316 

the abundance of only enchytraeids significantly decreased, although earthworms generally suffered. 317 

These field or semifield studies allowed us to investigate the sensitivity of several species found in 318 

natural soils under realistic conditions, which offers more comprehensive insight into the ecological 319 

dynamics of the systems (Wall & Moore, 1999). TMEs, which were proposed in the 1990 s, are useful 320 

experimental systems for assessing the impact of factors such as pollution or climate change on 321 

terrestrial ecosystems. 322 

Although the literature search was performed to include all kinds of stressors in this study, the great 323 

majority of the articles in our final selection concerned chemicals. Very few data are available on the 324 

effects of climatic parameters on soil organisms (Classen et al., 2015), and data comparing their 325 

responses to these parameters remain scarce (Otomo, 2011). However, earthworms and enchytraeids, 326 

in addition to all other soil organisms, are increasingly having to cope with climate change (Pritchard, 327 

2011). Warming, changes in precipitation regimes, and changes in the quantity and quality of soil 328 

carbon inputs can disrupt the habitat and food resources of soil-living organisms, affecting their 329 

survival and reproductive capabilities (Maraldo & Holmstrup, 2009). Some species, such as the 330 

enchytraeid Cognettia sphagnetorum, which has strong potential to recover from severe drought stress 331 

events, appear to have adaptive potential to climate parameters (Maraldo & Holmstrup, 2009). They 332 

can vertically migrate as a strategy for evading dry surface layers and high temperatures (Springett et 333 
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al., 1970). However, these organisms were found to have no genetic adaptation to drought, as drought-334 

exposed populations of enchytraeids had the same high sensitivity as those from unexposed control 335 

plots (Maraldo, 2009). E. albidus has a high osmotic pressure on its body fluids and can live in 336 

environments with strong fluctuations in moisture (Maraldo, 2009), which also enables Fridericia 337 

galba to survive in soil with a water retention capacity of less than 20% (corresponding to values 338 

below -9.8 bar) for more than 49 days (Dózsa-Farkas 1973). However, additional research is needed to 339 

understand the physiological responses of enchytraeids to desiccation. Earthworms are known to be 340 

sensitive to drought and high temperatures (Bayley et al., 2010; Lima et al., 2015; González-Alcaraz 341 

& van Gestel, 2016), but they have adaptive strategies such as diapause or other physiological 342 

mechanisms, such as an increase in the free amino acid alanine, to survive long periods of drought 343 

(Holmstrup et al., 2016; Jiménez & Decaëns, 2004). Thus, in the actual context of climatic 344 

disturbances and knowing the potential effects of combined stressors on soil organisms (e.g., 345 

Bindesbøl et al., 2005; Jensen et al., 2009; Singh et al., 2019), the equilibrium between species and 346 

taxa could be modified in natural ecosystems in the future. Maraldo et al. (2006) noted that the 347 

synergistic effects of climate change factors and environmental contamination on enchytraeids have 348 

been insufficiently explored. Further studies should assess the effects of climatic parameters on 349 

functionally useful soil organisms and their relative sensitivity to desiccation or heat in realistic 350 

contexts. 351 

We also know that enchytraeids are tolerant of soil acidity (Römbke, 1991), whereas earthworm 352 

abundance and diversity are generally low in acidic soils (Chan & Mead, 2003, Moore et al., 2013, Wu 353 

and al., 2020). Enchytraeids exhibit high tolerance to other soil properties (clay and organic matter 354 

contents) (Kuperman et al., 2006; van Gestel et al., 2011, Castro-Ferreira et al., 2012) and temperature 355 

(Holmstrup et al., 2022). However, once again, there is no real comparison to date. The combined 356 

effects of stressors related to soil properties and climate were examined by Yli-Olli and Huhta (2000), 357 

who assessed the co-occurrence of soil pH, moisture and resource addition on Dendrobaena octaedra 358 

(Lumbricidae) and Cognettia sphagnetorum (Enchytraeidae). They found that D. octaedra exhibited 359 
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the highest biomass in spruce stand humus at higher pH values, while C. sphagnetorum thrived best at 360 

higher moisture levels. 361 

6. Conclusion 362 

For the first time, this exhaustive synthesis provides a quantitative comparison of the sensitivity of 363 

earthworms versus enchytraeids to extrinsic factors (such as metals and pesticides) potentially 364 

affecting soil organisms. Under laboratory conditions, comparable sensitivities were found for 365 

earthworms and enchytraeids regardless of the studied species, or endpoint. Therefore, to test the 366 

effects of metals or pesticides, we could recommend testing on one of these groups in order to limit 367 

costs and labour. However, for other stressors such as climate parameters and for a thorough 368 

understanding of soil functioning, it remains crucial to consider the physiological responses of both 369 

groups due to their distinct ecological roles and potential sensitivity difference. Moreover, to fully 370 

capture the complexity of natural habitats, it would be relevant to use species inhabiting mineral soils 371 

instead of model species commonly found in organic rich habitatsloosen organic materials. For 372 

decades, researchers have been deepening their understanding of the impacts of natural and anthropic 373 

stressors on soil fauna and their related functions, which has allowed to reveal the importance of 374 

maintaining the presence and function of biodiversity in our soils. Let’s keep digging in that direction. 375 

Acknowledgements 376 

 The authors thank the PACA region and INRAE AgroEcoSystem Department for PhD funding. The 377 

authors also thank David Makowski and Guillaume Cinkus for useful advice with the R scripts. 378 

References 379 

Amossé, J., Dózsa-Farkas, K., Boros, G., Rochat, G., Sandoz, G., Fournier, B., Mitchell, E.A.D., Le 380 

Bayon, R.-C., 2016. Patterns of earthworm, enchytraeid and nematode diversity and community 381 

structure in urban soils of different ages. European Journal of Soil Biology 73, 46–58. 382 

https://doi.org/10.1016/j.ejsobi.2016.01.004 383 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 16 
 
 

Bart, S., Laurent, C., Péry, A.R.R., Mougin, C., Pelosi, C., 2017. Differences in sensitivity between 384 

earthworms and enchytraeids exposed to two commercial fungicides. Ecotoxicology and 385 

Environmental Safety 140, 177–184. https://doi.org/10.1016/j.ecoenv.2017.02.052 386 

Bayley, M., Overgaard, J., Høj, A.S., Malmendal, A., Nielsen, N.C., Holmstrup, M., Wang, T., 2010. 387 

Metabolic Changes during Estivation in the Common Earthworm Aporrectodea caliginosa. 388 

Physiological and Biochemical Zoology 83, 541–550. https://doi.org/10.1086/651459 389 

Becker, L., Scheffczyk, A., Förster, B., Oehlmann, J., Princz, J., Römbke, J., Moser, T., 2011. Effects 390 

of boric acid on various microbes, plants, and soil invertebrates. Journal of Soils and Sediments 11, 391 

238–248. https://doi.org/10.1007/s11368-010-0282-7 392 

Beketov, M.A., Kefford, B.J., Schäfer, R.B., Liess, M., 2013. Pesticides reduce regional biodiversity 393 

of stream invertebrates. Proceedings of the National Academy of Sciences 110, 11039–11043. 394 

https://doi.org/10.1073/pnas.1305618110 395 

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., Courchamp, F., 2012. Impacts of climate 396 

change on the future of biodiversity: Biodiversity and climate change. Ecology Letters 15, 365–377. 397 

https://doi.org/10.1111/j.1461-0248.2011.01736.x 398 

Bengtsson, J., Ahnström, J., Weibull, A.-C., 2005. The effects of organic agriculture on biodiversity 399 

and abundance: a meta-analysis: Organic agriculture, biodiversity and abundance. Journal of Applied 400 

Ecology 42, 261–269. https://doi.org/10.1111/j.1365-2664.2005.01005.x 401 

Bindesbøl, A., Holmstrup, M., Damgaard, C., Bayley, M., 2005. Stress synergy between 402 

environmentally realistic levels of copper and frost in the earthworm Dendrobaena octaedra. 403 

Environmental Toxicology and Chemistry 24, 1462–1467. https://doi.org/10.1897/04-397R.1 404 

Borenstein, M., Hedges, L.V., Higgins, J.P.T., Rothstein, H.R., 2010. A basic introduction to fixed-405 

effect and random-effects models for meta-analysis. Research Synthesis Methods 1, 97–111. 406 

https://doi.org/10.1002/jrsm.12 407 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 17 
 
 

Briones, M.J.I., Panzacchi, P., Davies, C.A., Ineson, P., 2020. Contrasting responses of macro- and 408 

meso-fauna to biochar additions in a bioenergy cropping system. Soil Biology and Biochemistry 145, 409 

107803. https://doi.org/10.1016/j.soilbio.2020.107803 410 

Brown, G.G., Barois, I., Lavelle, P., 2000. Regulation of soil organic matter dynamics and microbial 411 

activity in the drilosphere and the role of interactions with other edaphic functional domains. European 412 

Journal of Soil Biology 36, 177–198. https://doi.org/10.1016/S1164-5563(00)01062-1 413 

Büyükgüzel, E., Büyükgüzel, K., Snela, M., Erdem, M., Radtke, K., Ziemnicki, K., Adamski, Z., 414 

2013. Effect of boric acid on antioxidant enzyme activity, lipid peroxidation, and ultrastructure of 415 

midgut and fat body of Galleria mellonella. Cell Biology and Toxicology 29, 117–129. 416 

https://doi.org/10.1007/s10565-013-9240-7 417 

Caetano, A.L., Marques, C.R., Gavina, A., Carvalho, F., Gonçalves, F., Da Silva, E.F., Pereira, R., 418 

2014. Contribution for the Derivation of a Soil Screening Value (SSV) for Uranium, Using a Natural 419 

Reference Soil. Plos one 9. https://doi.org/10.1371/journal.pone.0108041 420 

Castro-Ferreira, M.P., Roelofs, D., van Gestel, C.A.M., Verweij, R.A., Soares, A.M.V.M., Amorim, 421 

M.J.B., 2012. Enchytraeus crypticus as model species in soil ecotoxicology. Chemosphere 87, 1222–422 

1227. https://doi.org/10.1016/j.chemosphere.2012.01.021 423 

Chan, K.-Y., & Mead, J.A., 2003. Soil acidity limits colonisation by Aporrectodea trapezoides, an 424 

exotic earthworm. Pedobiologia 47, 225–229. https://doi.org/10.1078/0031-4056-00186 425 

Classen, A.T., Sundqvist, M.K., Henning, J.A., Newman, G.S., Moore, J.A.M., Cregger, M.A., 426 

Moorhead, L.C., Patterson, C.M., 2015. Direct and indirect effects of climate change on soil microbial 427 

and soil microbial‐plant interactions: What lies ahead? Ecosphere 6, 1–21. 428 

https://doi.org/10.1890/ES15-00217.1 429 

Cole, L., Bardgett, R.D., Ineson, P., Adamson, J.K., 2002. Relationships between enchytraeid worms 430 

(Oligochaeta), climate change, and the release of dissolved organic carbon from blanket peat in 431 

Formatted: French (France)

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 18 
 
 

northern England. Soil Biology and Biochemistry 34, 599–607. https://doi.org/10.1016/S0038-432 

0717(01)00216-4 433 

Coleman, D.C., Crossley, D.A., Hendrix, P.F., 2004. Secondary Production: Activities of 434 

Heterotrophic Organisms - The Soil Fauna, in: Fundamentals of Soil Ecology. Elsevier, pp. 79–185. 435 

https://doi.org/10.1016/B978-012179726-3/50005-8 436 

Didden, W.A.M., 1990. Involvement of Enchytraeidae (Oligochaeta) in soil structure evolution in 437 

agricultural fields. Biology and Fertility of Soils 9, 152–158. https://doi.org/10.1007/BF00335799 438 

Didden, W.A.M., 1993. Ecology of terrestrial Enchytraeidae. Pedobiologia, 37, 2-29. 439 

Didden, W.A.M., Fründ, H.-C., Graefe, U., 1997. Enchytraeids. Fauna in Soil Ecosystems: Recycling 440 

Processes, Nutrient Fluxes, and Agricultural Production. Marcel Dekker, Inc., New York 135–172. 441 

Didden, W., & Römbke, J., 2001. Enchytraeids as Indicator Organisms for Chemical Stress in 442 

Terrestrial Ecosystems. Ecotoxicology and Environmental Safety 50, 25–43. 443 

https://doi.org/10.1006/eesa.2001.2075 444 

Dózsa-Farkas, K., 1973. Some preliminary data on the frost tolerance of Enchytraeidae. Opuscula 445 

Zoologica. Budapest 11, 95–97. 446 

Edward, C.A., & Bohlen P.J., 1996. Biology and Ecology of Earthworms. Springer Science & 447 

Business Media 3, 426. 448 

Efron, B., & Hastie, T., 2016. Computer Age Statistical Inference, Algorithms, Evidence, and Data 449 

Science. Stanford University. 450 

Engell, I., Linsler, D., Schrader, S., Taylor, A., Ludwig, B., Potthoff, M., 2021. Crop residue 451 

displacement by soil inversion: Annelid responses and their impact on carbon and nitrogen dynamics 452 

in a lab-based mesocosm study. Applied Soil Ecology 167, 104151. 453 

https://doi.org/10.1016/j.apsoil.2021.104151 454 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 19 
 
 

Erseus, C., Källersjö, M., 2004. 18S rDNA phylogeny of Clitellata (Annelida). Zoologica Scripta 33, 455 

187–196. https://doi.org/10.1111/j.1463-6409.2004.00146.x 456 

Gainer, A., Akre, R., Owojori, O.J., Siciliano, S.D., 2019. Protecting vulnerable individuals in a 457 

population: is the avoidance response of juvenile soil invertebrates more sensitive than the adults 458 

response? Chemosphere 220, 658–667. https://doi.org/10.1016/j.chemosphere.2018.12.113 459 

González-Alcaraz, & M.N., van Gestel, C.A.M., 2016. Metal/metalloid (As, Cd and Zn) 460 

bioaccumulation in the earthworm Eisenia andrei under different scenarios of climate change. 461 

Environmental Pollution 215, 178–186. https://doi.org/10.1016/j.envpol.2016.05.012 462 

Hagner, M., Pasanen, T., Lindqvist, B., 2008. Effects of birch tar oils on soil organisms and plants. 463 

Agricultural and Food Science 19, 13. https://doi.org/10.2137/145960610791015096 464 

Hedges, L.V., & Olkin, I., 1985. Statistical Methods for Meta-analysis. Academin Press. 465 

Hedlund, K., & Augustsson, A., 1995. Effects of enchytraeid grazing on fungal growth and 466 

respiration. Soil Biology and Biochemistry 27, 905–909. https://doi.org/10.1016/0038-0717(95)00016-467 

8 468 

Higgins, J.P.T., & Green, S., 2011. Cochrane Handbook for Systematic Reviews of Interventions 469 

Version 5.1.0. The Cochrane Collaboration. Available from www.handbook.cochrane.org. 470 

Hirano, T., & Tamae, K., 2011. Earthworms and Soil Pollutants. Sensors 11, 11157–11167. 471 

https://doi.org/10.3390/s111211157 472 

Hlavkova, D., Beklova, M., Kopel, P., Havelkova, B., 2020. Effects of Silver Nanoparticles and Ions 473 

Exposure on the Soil Invertebrates Folsomia candida and Enchytraeus crypticus. Bulletin of 474 

Environmental Contamination and Toxicology 105, 244–249. https://doi.org/10.1007/s00128-020-475 

02909-7 476 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 20 
 
 

Holmstrup, M., Krogh, P.H., 2001. Effects and risk assessment of linear alkylbenzene sulfonates in 477 

agricultural soil. 3. Sublethal effects on soil invertebrates. Environmental Toxicology and Chemistry 478 

20, 1673–1679. https://doi.org/10.1002/etc.5620200808 479 

Holmstrup, M., Slotsbo, S., Henriksen, P.G., Bayley, M., 2016. Earthworms accumulate alanine in 480 

response to drought. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 481 

Physiology 199, 8–13. https://doi.org/10.1016/j.cbpa.2016.04.015 482 

Holmstrup, M., Sørensen, J.G., Dai, W., Krogh, P.H., Schmelz, R.M., Slotsbo, S., 2022. Analysis of 483 

heat and cold tolerance of a freeze-tolerant soil invertebrate distributed from temperate to Arctic 484 

regions: evidence of selection for extreme cold tolerance. Journal of Comparative Physiology B 192, 485 

435–445. https://doi.org/10.1007/s00360-022-01433-w 486 

IPCC., 2022. Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working 487 

Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [H. –O. 488 

Pörtner, D.C. Roberts, M. 489 

ISO (International Organisation for Standardization), 1993. Effects of pollutants on earthworms (Eisenia 490 

fetida). Part 1: Determination of acute toxicity using artificial soil substrate – No. 11268–1. Geneva. 491 

ISO (International Organisation for Standardization), 1998. Effects of pollutants on earthworms (Eisenia 492 

fetida). Part 2: Determination of effects on reproduction – No. 11268–2. Geneva. 493 

ISO (International Organisation for Standardization), 2019. Soil quality - Guidance on the choice and 494 

evaluation of bioassays for ecotoxicological characterization of soils and soil materials – No. 17616. 495 

Geneva. 496 

Jarratt, N., & Thompson, H., 2009. Comparison between the sensitivity of Enchytraeids and 497 

Lumbricidae to chemicals, in particular plant protection products. EFSA Supporting Publications 6. 498 

https://doi.org/10.2903/sp.efsa.2009.EN-15 499 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 21 
 
 

Jensen, D., Bayley, M., Holmstrup, M., 2009. Synergistic interaction between 4-nonylphenol and high 500 

but not low temperatures in Dendrobaena octaedra. Ecotoxicology and Environmental Safety 72, 10–501 

16. https://doi.org/10.1016/j.ecoenv.2008.03.002 502 

Jiménez, J.J., & Decaëns, T., 2004. The impact of soil organisms on soil functioning under neotropical 503 

pastures: a case study of a tropical anecic earthworm species. Agriculture, Ecosystems & Environment 504 

103, 329–342. https://doi.org/10.1016/j.agee.2003.12.016 505 

Joimel, S., Chassain, J., Artru, M., Faburé, J., 2022. Collembola are Among the Most Pesticide‐506 

Sensitive Soil Fauna Groups: A Meta‐Analysis. Environmental Toxicology and Chemistry 41, 2333–507 

2341. https://doi.org/10.1002/etc.5428 508 

Kobetičová, K., Bezchlebová, J., Lána, J., Sochová, I., Hofman, J., 2008. Toxicity of four nitrogen-509 

heterocyclic polyaromatic hydrocarbons (NPAHs) to soil organisms. Ecotoxicology and 510 

Environmental Safety 71, 650–660. https://doi.org/10.1016/j.ecoenv.2008.01.019 511 

Kobetičová, K., Hofman, J., Holoubek, I., 2010. Ecotoxicity of wastes in avoidance tests with 512 

Enchytraeus albidus, Enchytraeus crypticus and Eisenia fetida (Oligochaeta). Waste Management 30, 513 

558–564. https://doi.org/10.1016/j.wasman.2009.11.024 514 

Koricheva, J., Gurevitch J., Mengersen K., 2013. Handbook of Meta-Analysis in Ecology and 515 

Evolution. Princeton University Press. 516 

Kuperman, R.G., Amorim, M.J.B., Römbke, J., Lanno, R., Checkai, R.T., Dodard, S.G., Sunahara, 517 

G.I., Scheffczyk, A., 2006. Adaptation of the enchytraeid toxicity test for use with natural soil types. 518 

European Journal of Soil Biology 42, S234–S243. https://doi.org/10.1016/j.ejsobi.2006.07.028 519 

Lavelle, P., 1988. Earthworm activities and the soil system. Biology and Fertility of Soils 6, 237–261. 520 

https://doi.org/10.1007/BF00260820 521 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 22 
 
 

Lavelle, P., Pashanasi, B., Charpentier, F., Gilot, C., Rossi, J.-P., Derouard, L., André, J., Ponge, J.-F., 522 

Bernier, N., 1998. Large-Scale Effects of Earthworms on Soil Organic. Edwards, C.A. Earthworm 523 

ecology, St. Lucie Press 103–122. 524 

Lima, M.P.R., Cardoso, D.N., Soares, A.M.V.M., Loureiro, S., 2015. Carbaryl toxicity prediction to 525 

soil organisms under high and low temperature regimes. Ecotoxicology and Environmental Safety 526 

114, 263–272. https://doi.org/10.1016/j.ecoenv.2014.04.004 527 

Lock, K., De Schamphelaere, C., K., 2002. The Effect of Lindane on Terrestrial Invertebrates. 528 

Archives of Environmental Contamination and Toxicology 42, 217–221. 529 

https://doi.org/10.1007/s00244-001-0009-2 530 

Lock, K., & Janssen, C.R., 2003. Effect of new soil metal immobilizing agents on metal toxicity to 531 

terrestrial invertebrates. Environmental Pollution 121, 123–127. https://doi.org/10.1016/S0269-532 

7491(02)00202-6 533 

Mäder, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil Fertility and 534 

Biodiversity in Organic Farming. Science 296, 1694–1697. https://doi.org/10.1126/science.1071148 535 

Maraldo, K., 2009. Enchytraeidae (Oligochaeta) in a changing climate—ecology and ecophysiology of 536 

enchytraeids exposed to climate changes. PhD Thesis, Copenhagen University, Copenhagen. 537 

Maraldo, K., Christensen, B., Strandberg, B., Holmstrup, M., 2006. Effects of copper on enchytraeids 538 

in the field under differing soil moisture regimes. Environmental Toxicology and Chemistry 25, 604–539 

612. https://doi.org/10.1897/05-076R.1 540 

Maraldo, K., & Holmstrup, M., 2009. Recovery of enchytraeid populations after severe drought 541 

events. Applied Soil Ecology 42, 227–235. https://doi.org/10.1016/j.apsoil.2009.04.004 542 

Marinissen, J.C.Y., & Didden, W.A.M., 1997. Influence of the Enchytraeid worm Buchholzia 543 

appendiculata on aggregate formation and organic matter decomposition. Soil Biology and 544 

Biochemestry 29, 387-390. 545 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 23 
 
 

Moore, J.-D., Ouimet, R., Bohlen, P.J., 2013. Effects of liming on survival and reproduction of two 546 

potentially invasive earthworm species in a northern forest Podzol. Soil Biology and Biochemistry 64, 547 

174–180. https://doi.org/10.1016/j.soilbio.2013.04.013 548 

Niemeyer, J.C., Carniel, L.S.C., De Santo, F.B., Silva, M., Klauberg-Filho, O., 2018. Boric acid as 549 

reference substance for ecotoxicity tests in tropical artificial soil. Ecotoxicology 27, 395–401. 550 

https://doi.org/10.1007/s10646-018-1915-7 551 

Niva, C.C., Segat, J.C., Baretta, D., Baretta, C.R.D.M., Oliveira, M.I.L.D., Fialho, A.R., Marchi, G., 552 

Martins, É.D.S., 2021. Ecotoxicological assessment of silicate rock fertilizers using soil invertebrates. 553 

Pesquisa Agropecuária Brasileira 56, e01454. https://doi.org/10.1590/s1678-3921.pab2021.v56.01454 554 

OECD., 1984. Guidelines for the Testing of Chemicals No. 207. Earthworm, Acute toxicity tests. 555 

Organisation for Economic Co-operation and Development, Paris. 556 

OECD., 2015. Draft updated test guideline 220. Enchytraeidae reproduction Test, OECD Guidelines for 557 

the Testing of Chemicals, Paris, France. 558 

Otomo, P.V., 2011. Stress responses of Eisenia Andrei and Enchytraeus doerjesi (Oligochaeta) to 559 

combined effects of temperature and metal contamination. [Doctoral dissertation, Stellenbosch 560 

University].(https://scholar.sun.ac.za/items/3d2a28d2-5cd4-4c41-8390-a1c47fe23cf8). 561 

Paoletti, M.G., 1999. The role of earthworms for assessment of sustainability and as bioindicators. 562 

Agriculture, Ecosystems and Environment 74, 137–155. 563 

Pelosi, C., Joimel, S., Makowski, D., 2013. Searching for a more sensitive earthworm species to be 564 

used in pesticide homologation tests – A meta-analysis. Chemosphere 90, 895–900. 565 

https://doi.org/10.1016/j.chemosphere.2012.09.034 566 

Pelosi, C., & Römbke, J., 2016. Are Enchytraeidae (Oligochaeta, Annelida) good indicators of 567 

agricultural management practices? Soil Biology and Biochemistry 100, 255–263. 568 

https://doi.org/10.1016/j.soilbio.2016.06.030 569 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 24 
 
 

Pelosi, C., & Römbke, J., 2017. Enchytraeids as bioindicators of land use and management. Applied 570 

Soil Ecology 123, 775–779. https://doi.org/10.1016/j.apsoil.2017.05.014 571 

Pereira, C.S., Lopes, I., Abrantes, I., Sousa, J.P., Chelinho, S., 2019. Salinization effects on coastal 572 

ecosystems: a terrestrial model ecosystem approach. Philosophical Transactions of the Royal Society 573 

B: Biological Sciences 374, 20180251. https://doi.org/10.1098/rstb.2018.0251 574 

Phillips, H.R.P., Guerra, C.A., Bartz, M.L.C., Briones, M.J.I., Brown, G., Crowther, T.W., Ferlian, O., 575 

Gongalsky, K.B., Krebs, J., Orgiazzi, A., Routh, D., Schwarz, B., Bach, E.M., Bennett, J., Brose, U., 576 

Decaëns, T., König-Ries, B., Loreau, M., Mathieu, J., Mulder, C., Rillig, M.C., Russell, D., Rutgers, 577 

M., Thakur, M.P., de Vries, F.T., Wall, D.H., Wardle, D.A., Arai, M., Ayuke, F.O., Baker, G.H., 578 

Beauséjour, R., Bedano, J.C., Birkhofer, K., Blanchart, E., Blossey, B., Bolger, T., Bradley, R.L., 579 

Callaham, M.A., Capowiez, Y., Caulfield, M.E., Choi, A., Crotty, F.V., Dávalos, A., Cosin, D.J.D., 580 

Dominguez, A., Duhour, A.E., van Eekeren, N., Emmerling, C., Falco, L.B., Fernández, R., Fonte, 581 

S.J., Fragoso, C., Franco, A.L.C., Fugère, M., Fusilero, A.T., Gholami, S., Gundale, M.J., López, 582 

M.G., Hackenberger, D.K., Hernández, L.M., Hishi, T., Holdsworth, A.R., Holmstrup, M., 583 

Hopfensperger, K.N., Lwanga, E.H., Huhta, V., Hurisso, T.T., Iii, B.V.I., Iordache, M., Joschko, M., 584 

Kaneko, N., Kanianska, R., Keith, A.M., Kelly, C.A., Kernecker, M.L., Klaminder, J., Koné, A.W., 585 

Kooch, Y., Kukkonen, S.T., Lalthanzara, H., Lammel, D.R., Lebedev, I.M., Li, Y., Lidon, J.B.J., 586 

Lincoln, N.K., Loss, S.R., Marichal, R., Matula, R., Moos, J.H., Moreno, G., Morón-Ríos, A., Muys, 587 

B., Neirynck, J., Norgrove, L., Novo, M., Nuutinen, V., Nuzzo, V., 2019. Global distribution of 588 

earthworm diversity. Science 366, 480–485. 589 

Postma-Blaauw, M.B., de Goede, R.G.M., Bloem, J., Faber, J.H., Brussaard, L., 2012. Agricultural 590 

intensification and de-intensification differentially affect taxonomic diversity of predatory mites, 591 

earthworms, enchytraeids, nematodes and bacteria. Applied Soil Ecology 57, 39–49. 592 

https://doi.org/10.1016/j.apsoil.2012.02.011 593 

Pritchard, S.G., 2011. Soil organisms and global climate change. Plant Pathology 60, 82–99. 594 

https://doi.org/10.1111/j.1365-3059.2010.02405.x 595 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 25 
 
 

R Development Core Team, 2014. R: A Language and Environment for Statistical Computing. R 596 

Foundation for Statistical Computing, Vienna, Austria. R Foundation for Statistical Computing, Vienna. 597 

Rodionova, N.S., Rota, E., Tsarkova, A.S., Petushkov, V.N., 2017. Progress in the Study of 598 

Bioluminescent Earthworms. Photochemistry and Photobiology 93, 416–428. 599 

https://doi.org/10.1111/php.12709 600 

Römbke, J., 1991. Estimates of the Enchytraeidae (Oligochaeta, Annelida) contribution to energy flow 601 

in the soil system of an acid beech wood forest. Biology and Fertility of Soils 11, 255–260. 602 

https://doi.org/10.1007/BF00335844 603 

Römbke, J., Knacker, T., Forster, B., Marcinkowski, A., 1994. Comparison of effects of two pesticides 604 

on soil organisms in laboratory tests, microcosms and in the field. In: Eijsackers, H., Donker, M., 605 

Heimbach, F., Eds.), Ecotoxicology of Soil Pollution. Lewis, Chelsea, MI, pp. 229–240. 606 

Römbke, J., & Moser, T., 2002. Validating the enchytraeid reproduction test: organisation and results 607 

of an international ringtest. Chemosphere 46, 1117–1140. https://doi.org/10.1016/S0045-608 

6535(01)00113-8 609 

Römbke, J., 2003. Ecotoxicological laboratory tests with enchytraeids: A review. Pedobiologia 47, 607-610 

616. 611 

Santorufo, L., van Gestel, C.A.M., Maisto, G., 2012. Ecotoxicological assessment of metal-polluted 612 

urban soils using bioassays with three soil invertebrates. Chemosphere 88, 418–425. 613 

https://doi.org/10.1016/j.chemosphere.2012.02.057 614 

Sechi, V., D’Annibale, A., Maraldo, K., Johansen, A., Bossi, R., Jensen, J., Krogh, P.H., 2014. Species 615 

composition of a soil invertebrate multi-species test system determines the level of ecotoxicity. 616 

Environmental Pollution 184, 586–596. https://doi.org/10.1016/j.envpol.2013.10.008 617 

Segat, J.C., Sousa, J.P., Baretta, D., Klauberg-Filho, O., 2020. Increasing level of liquid pig manure 618 

reduces Eisenia andrei and Enchytraeus crypticus reproduction in subtropical soils. Scientific Reports 619 

10, 10687. https://doi.org/10.1038/s41598-020-67360-4 620 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 26 
 
 

Singh, J., Schädler, M., Demetrio, W., Brown, G.G., Eisenhauer, N., 2019. Climate change effects on 621 

earthworms - a review. Soil Organisms 91, 113–137. https://doi.org/10.25674/SO91ISS3PP114 622 

Springett, J.A., Brittain, J.E., Springett, B.P., 1970. Vertical movement of Enchytraeidae (Oligochaeta) 623 

in moorland soils. Oikos 21, 16–21. 624 

Sverdrup, L.E., Krogh, P.H., Nielsen, T., Stenersen, J., 2002. Relative sensitivity of three terrestrial 625 

invertebrate tests to polycyclic aromatic compounds. Environmental Toxicology and Chemistry 21, 626 

1927–1933. https://doi.org/10.1002/etc.5620210921 627 

Topoliantz, S., Ponge, J.-F., Viaux, P., 2000. Earthworm and enchytraeid activity under different 628 

arable farming systems, as exemplified by biogenic structures. Plant and Soil 225, 39–51. 629 

Tosza, E., Dumnicka, E., Niklińska, M., Rożen, A., 2010. Enchytraeid and earthworm communities 630 

along a pollution gradient near Olkusz (southern Poland). European Journal of Soil Biology 46, 218–631 

224. https://doi.org/10.1016/j.ejsobi.2010.04.001 632 

Tourinho, P.S., Loureiro, S., Talluri, V.S.S.L.P., Dolar, A., Verweij, R., Chvojka, J., Michalcová, A., 633 

Kočí, V., van Gestel, C.A.M., 2021. Microplastic fibers influence Ag toxicity and bioaccumulation in 634 

Eisenia andrei but not in Enchytraeus crypticus. Ecotoxicology 30, 1216–1226. 635 

https://doi.org/10.1007/s10646-021-02424-3 636 

Uvarov, A.V., & Karaban, K., 2015. Do alterations in mesofauna community affect earthworms? 637 

Oecologia 179, 877–887. https://doi.org/10.1007/s00442-015-3383-6 638 

van Capelle, C., Schrader, S., Brunotte, J., 2012. Tillage-induced changes in the functional diversity of 639 

soil biota – A review with a focus on German data. European Journal of Soil Biology 50, 165–181. 640 

https://doi.org/10.1016/j.ejsobi.2012.02.005 641 

van Gestel, C.A.M., Borgman, E., Verweij, R.A., Diez Ortiz, M., 2011. The influence of soil 642 

properties on the toxicity of molybdenum to three species of soil invertebrates. Ecotoxicology and 643 

Environmental Safety 74, 1–9. https://doi.org/10.1016/j.ecoenv.2010.10.001 644 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



p. 27 
 
 

van Groenigen, J.W., Lubbers, I.M., Vos, H.M.J., Brown, G.G., De Deyn, G.B., Van Groenigen, K.J., 645 

2014. Earthworms increase plant production: a meta-analysis. Scientific Reports 4, 6365. 646 

https://doi.org/10.1038/srep06365 647 

van Vliet, P.C.J., West, L.T., Hendrix, P.F., Coleman, D.C., 1993. The influence of Enchytraeidae 648 

(Oligochaeta) on the soil porosity of small microcosms. Geoderma, Elsevier Science Publishers B.V., 649 

Amsterdam 56, 287–299. 650 

Viechtbauer, W., 2010. Conducting Meta-Analyses in R with the metafor Package. Journal of 651 

Statistical Software 36. https://doi.org/10.18637/jss.v036.i03 652 

Wall, D.H., & Moore, J.C., 1999. Interactions Underground: Soil biodiversity, mutualism, and 653 

ecosystem processes. BioScience 49, 109–117. 654 

Wu, J., Ren, Z., Zhang, C., Motelica-Heino, M., Deng, T., Wang, H., Dai, J., 2020. Effects of soil acid 655 

stress on the survival, growth, reproduction, antioxidant enzyme activities, and protein contents in 656 

earthworm (Eisenia fetida). Environmental Science and Pollution Research 27, 33419–33428. 657 

https://doi.org/10.1007/s11356-019-04643-y 658 

Yli-Olli, A., Huhta, V., 2000. Responses of co-occurring populations of Dendrobaena octaedra 659 

(Lumbricidae) and Cognettia sphagnetorum (Enchytraeidae) to soil pH, moisture and resource 660 

addition. Pedobiologia 44, 86–95. https://doi.org/10.1078/S0031-4056(04)70030-X 661 

Formatted: German (Germany)

Formatted: French (France)

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 


