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Abstract 

The adoption of less intensive soil cultivation practices is expected to increase earthworm 

populations and their contributions to ecosystem functioning. However, conflicting results 

have been reported on the effects of tillage intensity on earthworm populations, attributed in 

narrative reviews to site-dependent differences in soil properties, climatic conditions, and 

agronomic operations (e.g., fertilization, residue management and chemical crop protection). 

We present a quantitative review based on a global meta-analysis, using paired observations 

from 215 studies performed over 65 years (1950-2016) across 40 countries on five continents, 

to elucidate this long-standing unresolved issue. Results showed that disturbing the soil less 

(e.g., no-tillage and Conservation Agriculture) significantly increased earthworm abundance 

(mean increase of 137% and 127%, respectively) and biomass (196% and 101%, 

respectively) compared to when the soil is inverted by conventional ploughing. Earthworm 

population responses were more pronounced when the soil had been under reduced tillage for 

a long time (>10 years), in warm temperate zones with fine-textured soils, and in soils with 

higher clay contents (>35%) and low pH (<5.5). Furthermore, retaining organic harvest 

residues amplified this positive response to reduced tillage, whereas the use of the herbicide 

glyphosate did not significantly affect earthworm population responses to reduced tillage. 

Additional meta-analyses confirmed that epigeic and, more importantly, the bigger-sized 

anecic earthworms, were the most sensitive ecological groups to conventional tillage. In 

particular, the deep burrower Lumbricus terrestris exhibited the strongest positive response to 

reduced tillage, increasing in abundance by 124% more than the overall mean of all 13 

species analysed individually. The restoration of these two important ecological groups of 

earthworms and their burrowing, feeding and casting activities under various forms of 

reduced tillage will ensure the provision of ecosystem functions such as soil structure 

maintenance and nutrient cycling by “nature’s plough”. 
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Introduction 

Land use and soil management are major drivers of global change, exerting pressures on soils 

and the ecosystem services they provide (Smith et al., 2016). The foremost factor that 

determines the direct impacts of human activities on agricultural soils is the intensity of land 

use, in terms of harvest frequency, usage of agro-chemicals, animal stocking rates, irrigation 

and tillage. Effects of tillage intensity on soil biological properties and soil biodiversity are 

also of great interest because firstly, many soil functions are mediated by biological activities 

and secondly, soil organisms are often used as indicators of the status or 'health' of soils 

(Doube & Schmidt, 1997; van Capelle et al., 2012; Briones, 2014). In the case of arable land, 

much research has focussed on the type, depth, frequency and intensity of soil cultivation 

practices as drivers of environmental impacts, especially in relation to greenhouse gas 

balances (Six et al., 2004; Lugato et al., 2014; Zhao et al., 2016). 

In agricultural soils, earthworms are the key agents in providing essential ecosystem 

services (Lee, 1985). Earthworms are nature’s plough according to Darwin (1881) who first 

recognised this in his last book by indicating that our lands have been ploughed many times, 

and still are, well before this human implement was invented more than 4000 years ago. 
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Directly or indirectly, earthworms play a role in improving soil structure and soil porosity, 

nutrient cycling, plant growth and plant health. Under conservation tillage systems, 

earthworms play a more important role than under conventional tillage in the functioning of 

the farming systems since intensive cultural practices are often associated with decreases in 

their populations (e.g. Cuendet, 1983; Boström, 1988; Buckerfield & Wiseman, 1997; Curry 

et al., 2002; van Capelle et al., 2012; Tsiafouli et al., 2015). However, the adoption of more 

sustainable managed systems does not always result in an increase of earthworm abundance 

and diversity (Chan, 2001; Berner et al., 2008). This conflicting picture might be the result of 

failing to examine the effects of conventional tillage under a broader scheme including the 

levels of tillage, agrochemical inputs, crop residue management, soil factors (texture, pH, soil 

moisture) and climate (Chan, 2001; Bertrand et al., 2015). 

 

 

Conventional inversion tillage has not significantly changed since its inception and is 

usually performed with a mouldboard plough that prepares a clean seedbed by burying all 

surface residues down to a depth of 20-40 cm, which is aimed at preventing weed, pest and 

disease proliferation and giving the crop the optimum germination conditions (Gajri et al., 

2002). However, when the soil is turned over, earthworms are injured and killed directly, they 

become exposed to harsh environmental conditions and predators and, in the case of anecic 

worms (vertical burrowers), their biogenic structures (pores and tunnels) are destroyed and 

their food sources buried. These actions also bring other undesirable side-effects such as 

depletion of soil organic matter (Lal, 2013), the deepening of the soil organic layer (Briones 

& Bol, 2003; Piccoli et al., 2016), plough-pan formation and soil compaction, as well as soil 

erosion, especially when extreme events (heavy rain, drought and strong winds) hit the bare 

exposed soil (El Titi, 2003; Vršič, 2011). In addition, the number (secondary tillage/surface 
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tillage after mouldboard tillage) and frequency of the tillage operations (per annum or per 

seasons) are also known to influence earthworm populations (e.g. Ivask et al., 2007; 

Capowiez et al., 2009a).  

 

Alternative tillage practices, such as reduced, minimum and zero tillage, reduce the level 

and intensity of mechanical soil disturbance (Derpsch et al., 2010; Soane et al., 2012; Lal, 

2013). They range from reducing the ploughing depth (shallow or superficial tillage), to 

loosening the soil without turning it (non-inversion tillage), to direct seeding without any soil 

tillage (no-till). Finally, in recent years conservation tillage/agriculture has been increasingly 

adopted in which the soil is covered throughout the year, either by a cover crop or by the crop 

residues from the previous crop (Kassam et al., 2009). However, this is not always the case 

and sometimes crop residues are used somewhere else or superficially incorporated during 

seedbed preparation, when machinery for direct seeding is not available. Keeping the soil 

covered not only helps to prevent erosion but also sustains soil moisture and restores soil 

organic matter in the root zone (Lal, 2013).  

 

However, soil texture has a substantial influence on the overall benefits of these less soil-

disturbing practices. For example, some unstructured light sandy soils might not be suitable 

for non-inversion tillage because the soil aggregates tend to form a compact structure that 

prevents air and water flow (Morris et al., 2010). However, since organic matter improves 

aggregate stability (Ramos et al., 2003), combining non-inversion tillage with practices that 

increase residue retention helps to reduce soil vulnerability to compaction (Zang et al., 2007) 

and to encourage earthworms (Baker et al., 1998; Kladivko et al., 1997; Bittman & 

Kowalenko, 2004). 
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Furthermore, earthworm abundance and activities are also directly influenced by other soil 

factors including clay content (Baker et al., 1998) and pH (Edwards & Bohlen, 1996; Lee, 

1985), but most importantly by food availability (Curry, 2004). Interestingly, the nature of 

the organic amendments applied to cultivated soils (e.g. farmyard manures, livestock slurries, 

composts, biochar, straw, green residues or even stubble retention) has produced 

contradictory results due to the paucity of the data (Bertrand et al., 2015). Thus, whereas a 

supply of additional food sources usually promotes earthworm populations (Schmidt et al., 

2003; Leroy et al., 2008; Crittenden et al., 2014; Blanchet et al., 2016; D’Hose et al., 2016), 

other recent studies did not find any significant effect (e.g. Bamminger et al., 2014; Stroud et 

al., 2016).  

 

Other agricultural inputs such as insecticides, fungicides and herbicides can also affect 

earthworm populations in different ways (for a comprehensive review on the effects of 

different pesticides on earthworm species see Datta et al., 2016). In particular, the world's 

number one herbicide for weed control, glyphosate (N-(phosphonomethyl) glycine), has 

become of special concern at European scale. It acts through enzyme inhibition in the 

Shikimate pathway, which is unique in plants, fungi and bacteria for producing aromatic 

amino acids (Herrmann & Weaver, 1999) and therefore, it was expected to have little or no 

impact on animals. However, there have been some reports of harmful effects on 

microorganisms, insects and frogs, which has prompted increased interest in investigating its 

potential adverse effects on field populations of earthworms (e.g. Givaudan et al., 2014; 

García-Torres et al., 2014; Gaupp-Berghausen et al., 2015; Garcia-Perez et al., 2014, 2016) 

and to date, the results vary from negative to no effect. 
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Finally, the effects of tillage practices on earthworms can also be modulated by climatic 

factors. While at the global scale temperature and rainfall regimes determine the structure and 

composition of earthworm communities (Brussaard et al., 2012; Rutgers et al., 2016), at 

regional and local scales they also have a direct influence on the size of their populations and 

on their responses to agricultural inputs (e.g. Boudiaf et al., 2015; Velki & Ecimovic, 2015). 

However, tillage practices can override earthworms’ environmental tolerance limits 

(Nieminen et al., 2011), making it difficult to disentangle the relative significance of each 

driver on the overall response. 

 

 

Earthworms are, arguably, the most readily recognised and widely known group of soil 

animals. Therefore, the effects of tillage practices on earthworms are of very wide interest not 

only to scientists studying soils, cropping systems and biodiversity, but also to farmers, 

agronomists and agricultural advisors (Doube & Schmidt, 1997). Since Chan (2001) 

published his highly cited narrative review paper on the effects of tillage on earthworm 

communities, more empirical evidence has accumulated on the topic, including studies from 

under-reported regions, studies on specific effects of tillage systems and/or agronomic 

practices, and studies that have reported results on individual species rather than total 

earthworm numbers or biomass. Recent narrative reviews include Bertrand et al. (2015) and 

Datta et al. (2016). Considering the variety of interacting factors described above that can 

alter the overall effect of tillage operations on earthworm populations, a quantitative 

assessment is urgently needed to provide a more objective and clearer picture than previous 

reviews based on expert opinion or vote-counting methods (e.g. van Capelle et al., 2012).  
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Meta-analysis (after Rosenberg et al., 1997) offers a robust methodology for combining 

data from multiple studies by weighing individual results (by replication and associated error 

term) and calculation of a standardised metric (effect-size). The objective of the present study 

was to compile the available experimental field data on tillage and earthworms, and to use 

meta-analysis to globally quantify the magnitude of the response variable (here, earthworm 

population sizes) with regard to reduced tillage practices. We also tested whether principal 

soil characteristics (clay and soil organic C, soil texture and pH) or environmental variables 

(rainfall) could modulate population responses. In addition, since different degrees of 

tolerance to soil tillage have been reported depending on the species, ecological groupings 

(epigeic, anecic and endogeic; sensu Bouché, 1977) and maturity stages, we also performed a 

quantitative analysis of the effects of reduced tillage practices on the species composition and 

ecological and age structure of earthworm populations. 

 

Materials and Methods 

Databases 

In our literature survey we attempted to include all available published studies that compared 

earthworm communities under conventional tillage (our control treatment) and any other 

forms of “reduced tillage” (experimental group) and that reported earthworm data obtained 

by using quantitative sampling methodologies (i.e. quadrats, soil cores or blocks). However, 

we excluded papers based solely on indirect population assessment methods such as 

earthworm surface casts, middens, macropoes, etc. (e.g. Miura et al., 2008; Singh et al., 

2015). Studies were collected from peer-reviewed journals, as well as other sources such as 

book chapters, PhD dissertations, project reports and conference papers, as a recommended 

approach to reduce publication bias (McAuley et al., 2000).  
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We compiled information from each of these papers (sometimes from related sources cited 

in the papers) on site location (longitude and latitude), year(s) of the study, method for 

earthworm collection, soil texture class (categorical variables); depth of hand sorting, years of 

cultivation, % clay, % organic C and soil pH (all continuous variables). In addition, we 

extracted information on tillage operations, organic amendments and other agronomic 

practices (details in the following sections; see also Table 1). When the soil properties were 

reported per soil layer the averaged value of all soil layers was used. Importantly, where a 

publication failed to report key information, such as soil properties, we either contacted 

authors/co-authors directly to obtain the missing details, or we used other published literature 

or data sources from the same site to gather site and soil descriptions and precipitation. 

 

To account for different sampling efforts, all animal census data reported as numerical or 

graphical data were converted to individuals m
-2

 and g m
-2

 for abundance and biomass data, 

respectively. In the case of biomass data reported as dry weights or ash-free dry weights (e.g. 

Haukka, 1988; Parmelee et al., 1990; Jordan et al., 1997a; Hubbard et al., 1999) we used the 

conversion factor 10 given by Peter & Luxton (1982). Data presented only in graphic format 

was extracted using DataThief III software (Tummers, 2006).  

 

We selected 215 potential papers published from 1950 to 2016, but only 165 could be 

included in the analyses due to missing essential data (e.g. errors and/or sample sizes) or lack 

of a sound treatment comparison (e.g. absence of a true control). Data and metadata from the 

selected papers that met the criteria were inserted into datasets (Microsoft Excel), with each 

row representing an ‘individual record’, i.e. containing earthworm data for tillage 

comparisons collected from a specific site, soil type and/or crop rotation or fertilisation 

management. When results from the same experiment were reported in different papers by 
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the same or different authors, the most complete source of information, containing the longest 

investigated period, was selected (e.g. Hendrix et al., 1992 and Parmelee et al., 1990; 

Eichhorn & Tebrügge, 1990 and Henke, 1994; Söchtig, 1992 and Söchtig & Larink, 1992; 

Radford et al., 1995 and Wilson-Rummenie et al., 1999; Jordan et al., 1997a,b; Pothoff, 1999 

and Potthoff & Beese, 1998; Emmerling, 2001 and Webber & Emmerling, 2005; Fortune et 

al., 2003, 2005 and Kennedy et al., 2013; Riley et al., 2008 and Pommeresche & Loes, 2009; 

Laszlo, 2007 and Birkas et al., 2010; Joschko et al., 2009, 2012, Severon et al., 2012 and 

Schirrmann et al., 2016). Similarly, if two papers reported results from the same experiment, 

but with sampling being performed in different seasons of the same year(s) or two 

consecutive years, the results from those samplings were averaged to produce one record for 

each experimental site (e.g. Krabbe et al., 1993, 1994; Tan et al., 1998, 2002; Stancevicius et 

al., 2003 and Jodaugiene et al., 2005). The only exceptions to this were when separate 

publications based on the same field experiment were the only source for building one of our 

specific databases (e.g. total biomass or abundances of single species, ecological groupings; 

see section dealing with earthworm data). In these cases, the publication was used to build 

that specific database irrespective of the length of the investigated period; in any case, two 

papers reporting the same study never contributed to the same dataset. Table S1 

(supplementary material) shows a summary of the publications that contributed to each of the 

databases. 

 

 

Reporting of results from a study with an associated error term (standard error, standard 

deviation, 95% confidence limits, percentiles or CV), together with the sample size (N), 

enabled the ready incorporation of these data into the databases. Furthermore, in the case of 

longstanding and well-documented studies, N was calculated as the number of replicate 
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plots/sites  number of study years, only if sampling was done repeatedly over years, to give 

more weight to these longer-term studies in the analyses. This was done to avoid the 

ambiguity associated with extracting a single data point per measurement time series (Curtis 

et al., 2013) and to enable the comparisons between shorter and longer duration studies. 

 

 

If the errors were reported as SED or LSD (i.e. the error value was associated with a 

difference between two means (pooled error estimate)) or if the type of error was not 

specified, we chose to calculate a new error for each treatment by averaging sampling times 

or rotations (see Table S1). However, in some cases, this was the only way to include these 

papers: Ellis et al. (1977); Barnes & Ellis (1979) (sites B clay winter wheat, Berkshire and 

Oxfordshire); Mallet et al. (1987); Karlen et al. (1994); Radford et al. (1995); Aslam et al. 

(1999); Hutcheon et al. (2001) (single species dataset); Carter et al. (2002); Pekrun et al. 

(2003); Zida et al. (2011) and Kennedy et al. (2013). Similarly, if a particular study totally 

failed to report the error associated to the mean, but showed data separately for several 

sampling dates (months, seasons), crop rotations, different sites, fertilization rates or soil 

types, the average value and associated error was calculated. This was a compromise to be 

able to include a number of these studies in the meta-dataset; however, in these particular 

cases, in order to decrease their weight in the analyses, the sample size was considered to be 

the number of values used to calculate the mean and SD. There were a few articles in which, 

although errors were reported, the image quality of the figure provided in the paper did not 

allow for an accurate extraction of the essential data (mean and error) and hence, as before, 

the individual means for each sampling occasion were averaged to obtain the mean and the 

associated SD and N values. In addition, a small number of studies provided multiple tillage 

comparisons but without errors. In this case, when the two most intensive and the two most 
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reduced interventions rendered similar earthworm results, we paired and averaged them to get 

an SD for each combined tillage treatment (N=2). Finally, because a number of studies 

(especially in the ‘grey literature’) only reported one single record (N=1), they could not be 

used for meta-analysis purposes.  

 

As a result, three studies, despite reporting earthworm abundance data and meeting the 

meta-analysis criteria (see above), had to be removed from the meta-dataset due to mean and 

variance values of either control or experimental groups being equal to zero, which impeded 

the calculation of the effect size metric (LnR). The final number of articles that contained 

useable earthworm abundance and biomass information (145 and 85, respectively) 

contributed with 284 and 157 observations, respectively, to these two databases used in the 

subsequent analyses.  

 

Mean annual rainfall (MAR) values for each study site were obtained from each 

publication, if provided. When MAR was not reported in the original paper, or could not be 

obtained through personal communication, values were obtained from the Meteorological 

Office Tables (1982) and from Müller (1982) for the nearest location at similar altitude. 

Climate zones were established using the Köppen classification system (Köppen, 1923, 

1931), which divides the Earth into five main climate categories (A=tropical rain climate 

without cool season, B=dry climates, C=warm temperate climates, D=snow climates and 

E=ice climates) and with further sub-divisions according to the seasonal distribution and 

amount of rainfall and to the winter and summer temperature regimes (f=sufficient moisture 

in all months; s=dry season in the summer of the respective hemisphere; w=dry season in the 

winter of the respective hemisphere). 
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Tillage categories, food inputs and crop protection factors 

In his review, Chan (2001) pointed out that it is virtually impossible for a reader to 

understand all the regional differences in terminology and characteristics of all the tillage 

implements reported in the literature. Furthermore, many authors did not properly report the 

tillage operations (primary and secondary) performed for different cultivation treatments, or 

the type, dosage and timing of agrochemicals applied and/or how the crop residues were 

treated (i.e. intact/shredded/chopped, left on the surface/incorporated into the soil, burnt or 

not, etc.). Therefore, in order to avoid random exclusion/inclusion decisions, we adopted a 

pragmatic attitude and compared some form of 'intensive/conventional' tillage implemented 

in the local area or region against a 'reduced/minimal' version.   

 

 

Accordingly, five categories of reduced tillage were defined (Table 1), as compared to  

“Conventional tillage” (CT), the Control, which usually refers to inversion tillage down to a 

depth of 25 cm or more and typically using a mouldboard plough, as follows: 1) “Reduced 

tillage” (RT), which involves shallow ploughing  (usually less than the top 15 cm gets turned 

over); 2) “Deep soil loosening non-inversion tillage” (DSL), defined as vertical tillage where 

the soil is loosened, broken or lifted to a depth greater than 15 cm but not inverted (typically 

by using a chisel plough or other tined tools); 3) “Shallow soil loosening non-inversion 

tillage” (SSL), as a tillage operation where the soil is loosened to a depth of no more than 15 

cm; 4) “No-tillage” (NT), with minimum or no soil disturbance other than a small incision for 

placing the seed (usually called “direct drilling”, “direct seeding”, “no-till) and 5) 

“Conservation agriculture” (CA), defined in the literature as those systems with hardly any 

soil disturbance and a permanent cover of the soil surface (usually by leaving at least >30% 

of the previous crop’s residue or by having the ground surface covered with dead or living 
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mulch). However, we also decided to include in this last category those NT treatments where 

crop residues were left on the surface, but removed from the CT treatments. This allowed us 

to differentiate these studies from most reported cases where residues were removed from 

both CT and NT. 

 

In addition, we also included a very small number of other studies, which did not compare 

tillage treatments specifically, but different ploughing depths (e.g. 15 cm vs. 25 cm; Söchtig, 

1992; Söchtig & Larink, 1992; Bakken et al., 2009). In this case, the most intense tillage 

treatment was selected as CT and the other treatments with minimum or zero loading were 

classified as CA in the meta-dataset. 

 

Studies that included additional organic matter applications (e.g. straw, organic or green 

manures, mulching and cover crops) or specific residue management practices (e.g. burning) 

were only included in the meta-dataset if they were applied in a comparable fashion to both 

the CT and the other form(s) of reduced tillage investigated. For example, when different 

fertilisation inputs were superimposed onto the main tillage treatments, they were computed 

as two different records (e.g. CT+mineral fertiliser was compared to NT+mineral fertiliser 

and CT+organic fertiliser to NT+organic fertiliser). These subsets of studies were also used 

for additional meta-analyses to enable the distinction between the effects of the level and/or 

frequency of disturbance (i.e. tillage) and those derived from the amount and/or quality of 

food (i.e. linked to organic residues) added. Accordingly, we established a new grouping 

variable called ‘food inputs factor’ to distinguish between those studies where the organic 

material retained in the CT and NT treatments either came from a secondary crop and was 

incorporated as ‘green’ material (=cover crop, green manure, catch crop etc.) or if they were 

true ‘harvest residues’ derived from the main crop (i.e. straw, stubble etc.), which are not 
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green and low in N and that could be burnt or not (stubble), or whether they were supplied in 

the form of ‘animal manure’ (i.e. derived from cattle or poultry) that are high in N. This 

enabled us to compare systems that included food addition with those where the crop residues 

were exported (‘removed’). 

 

Similarly, in order to have a measure of the effects of agrochemical inputs on earthworm 

populations we also created another grouping factor called ‘crop protection’. In this case, we 

aimed to compare the effect of tillage in relation to the use different types of pesticides and 

herbicides, with special attention to the use of glyphosate, a broad-spectrum herbicide at the 

centre of current debate (see Introduction).  

 

Other studies on earthworm populations that compared farming systems (e.g. conventional 

vs. organic farming systems) or agronomic treatments where only one tillage form had cover 

or catch crops, as well as those comparing land-use conversions (e.g. from tilled plots to 

grassland) were not included. In a few cases, data from the published literature originated 

from factorial experiments (i.e. tillage regimes  cropping systems  fertilization regimes) 

and, in these cases, the data inputted in the meta-dataset for tillage represents a combination 

of the other factors (e.g. Rovira et al., 1987; Reeleder et al., 2006; Marchão et al., 2009).  

 

Earthworm species, age and ecological groups 

The available literature data are presented variably as populations of different species, a few 

species or for the whole community (see Table S1). This issue was resolved through the 

construction of two separate subsets of data: (1) total numbers and biomass of earthworms 

and (2) abundances of every single species. However, when only one species was identified 

and it was highly dominant (i.e. representing >80-90% of the total population) then the 
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collated data contributed to the total numbers meta-dataset and also to the subsidiary species-

specific one. This was the case of Tanck et al. (2000) (Amynthas spp. only); Clapperton et al. 

(1997), Clapperton (1999) and Rosas-Medina et al. (2010) (Aporrectodea caliginosa); 

Hubbard et al. (1999) (A. trapezoides); Reeleder et al. (2006) (A. turgida); Errouissi et al. 

(2011) and Mallett et al. (1987) (Lumbricus terrestris); Zida et al. (2011) (Dichogaster 

affinis); Brito-Vega et al. (2009) (Phoenicodrilus taste); Domínguez & Bedano (2016) 

(Microscolex phosphoreus). Subsequently, we analysed the abundances of the most reported 

species in the literature to test if certain species were more sensitive than others to reduced 

tillage practices. 

 

In addition, a small number of papers also provided information about the age and the 

ecological structure of the earthworm communities which allowed us to build two additional 

meta-datasets: (3) abundances of mature (adults and subadults) and immature individuals and 

(4) numbers of worms in the epigeic, anecic and endogeic ecological group. Since juvenile 

earthworms usually constitute the majority of the individuals in these agricultural soils (e.g. 

Marwitz et al., 2012; Domínguez & Bedano, 2016) and since they can be very sensitive to 

tillage (e.g. Ulrich et al., 2010), it is important to determine the effects of management 

practices on this seldom measured component of earthworm populations. Similarly, because 

the ecological classification of earthworms clearly reflects where they preferentially feed and 

burrow (sensu Bouché, 1977), the effect of tillage practices is expected to have a stronger 

effect on those species linked to the surface layers (i.e. epigeics and anecics) that are more 

exposed to disturbance than on those building horizontal burrows in the deeper mineral layers 

(i.e. endogeics). 
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2.3. Grouping variables 

In the case of some categorical and numerical variables, pre-grouping is needed before 

conducting meta-analyses in order to achieve maximum in-group homogeneity (Jeffery et al., 

2011). Accordingly, soil texture was grouped into three broad classes: clayey, sandy and 

loamy/silty, either as it was reported in the paper or as estimated from the particle size 

distribution using an online calculator 

(http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_054167). 

Earthworm extraction methods were classified into five groups: hand-sorting, chemical 

extraction (formalin, mustard or permanganate), chemical+hand-sorting (i.e. combination of 

the two previous methods), electrical (octet method) and ‘other methods’ which included the 

less commonly used techniques for collecting earthworms (Berlese, wet-sieving, and the 

combination of electrical and hand-sorting). 

 

In the case of continuous variables (such as rainfall, soil clay and soil organic C contents, 

soil pH, ploughing depth and years of cultivation), the use of ungrouped data would have led 

to a substantial loss of information. This can be related to the high precision of their 

measurements, which typically results in an insufficient number of records within each group 

(see for example, Jeffery et al., 2011). To group variables uniformly across studies and to 

avoid subjective intervals, the groupings were established according to criteria used in well 

referenced world databases. For example, MMR values are typically plotted in 100, 200 or 

500 mm intervals (e.g. http://www.ncdc.noaa.gov/cag/time-series/global) and here they were 

classified into three groupings: <500, 500-1000 and >1000 mm. Similarly, following the 

codesets proposed in the Harmonized World Soil database (Nachtergaele et al., 2008), we 

classified the clay content values across studies by grouping the data according to three 

simplified topsoil textural classes: ‘coarse textured soils’ <18% clay, ‘medium textured’ 

http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_054167
http://www.ncdc.noaa.gov/cag/time-series/global
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18%-35% clay and ‘fine textured’ >35% clay. Equally, we also followed this recommended 

classification for grouping organic C contents: <0.6%, 0.6-1.2%, 1.2-2.0% and >2.0%. 

Finally, in the case of soil pH, three categories were used: ‘very acid soils’ pH <5.5 ‘acid to 

neutral’ pH = 5.5-7.2 and ‘carbonate rich soils’ pH>7.2, to take into account the pH 

dependence of aluminium solubility and possible toxic effects (Haynes & Mokolobate, 2001; 

Nachtergaele et al., 2008).  

 

In addition, the ploughing depth varies with effective root zone of the crop and has 

important implications for water storage and nutrient availability (Riley & Ekeberg, 1998). 

We therefore grouped the information about depth of ploughing in the CT treatment into 

three classes: ‘shallow ploughing’ (<20 cm), ‘normal mouldboard ploughing’ (20-25 cm) and 

‘deep ploughing’ (>25 cm), according to the definitions found in the published literature (e.g. 

Kouwenhoven et al., 2002; Bakken et al., 2009; Parvin et al., 2014). 

 

In the case of food inputs, due to the paucity of the data, we classified the selected studies 

into just two categories: ‘with organic matter (OM) additions’, including all those papers 

where any kind of organic material was added to all the tillage treatments compared (see 

above), and ‘without OM additions’ referring to all those papers in which no organic 

materials were added to the experimental plots and all crop residues were removed from the 

fields. Similarly, we established three classes for the agrochemical grouping variable: ‘P’ 

when standard pesticides were applied to the experimental treatments, ‘HnoG’ when 

herbicides was used but glyphosate was not one of them, and ‘G’ when glyphosate was 

included in the crop protection management practices. 
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Finally, the studies reported in the selected papers included in our meta-analyses showed 

great variability in relation to the numbers of years of controlled cultivation, ranging from <1 

year to 48 years, with the majority being cultivated for fewer than 10 years. It is known that 

long- and short-term cultivations can have different effects on soil properties (Mubarak et al., 

2005). Therefore, in order to examine the effects of agricultural history and length of field 

experiments on the responses of earthworm communities we established three categories for 

the duration of cultivation: <10 years, 10-20 years and >20 years. 

 

2.4. Meta-analyses 

We used meta-analysis techniques (Rosenberg et al., 2000) to determine the effect of tillage 

on earthworm populations. Calculations were based on random effects models (Hedges et al., 

1999; Rosenberg et al., 2000). In the categorical random effects model, groups with fewer 

than two valid studies were excluded from each analysis. Resampling tests were generated 

from 999 iterations. 

 

 

We defined the “control” group in the meta-analyses to be the conventional treatment and 

the “experimental” groups all five other tillage practices (RT, DSL, SSL, NT and CA) in 

which densities were expected to be higher than under conventional, more intensive 

agricultural cultivation. We calculated the mean effect size using MetaWin Version 2 

statistical software (Rosenberg et al., 2000) as a weight cumulative effect size based on the 

variance of the sample and expressed as the natural logarithm of the Response Ratio (R):  
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where  is the mean earthworm abundance or biomass in the experimental treatment and  

is the mean earthworm abundance or biomass in the control treatment (CT). The reason for 

using the natural logarithm is that it linearizes the metric and reduces the skewness of the 

sampling distribution of R (Hedges et al., 1999). 

 

To test the effects of publication bias (Rothstein et al., 2005), we used the Fail-safe N 

technique (Rosenthal & Rosnow, 1991). This involved computing the combined P value for 

all of the studies included, and calculating the number of additional studies showing no effect 

(i.e. average Z value of 0) that would be needed in order to change the P value from 

significant to non-significant at P = 0.05. Therefore, the robustness of the findings of the 

meta-analysis is directly correlated with the size of the Fail-safe N number. 

 

All graphical outputs are forest plots showing the effect size (LnR) calculated from each 

group. On the X-axis, the ‘effect size’ was exponentially transformed and reported as the 

percentage change in earthworm populations (abundance or biomass) (i.e. [R − 1] × 100; 

Jeffery et al., 2011). Therefore, each point represents the mean effect size for each grouping, 

with the horizontal error bar lines indicating the 95% confidence intervals (CIs). All graphs 

display the grand mean effect at the top and then in decreasing order of effect size values, 

except in the case of continuous variables, where the categorical groups were defined 

according to intervals (i.e. rainfall, % clay, % C, soil pH, ploughing depth and years of 

cultivation; see above) which are shown sequentially.  

Finally, we used meta-regressions (Borenstein et al., 2009) under random model effects to 

assess the relationship between the effect size (LnR; dependent variable) and each of the six 

continuous independent variables (rainfall, clay and organic C contents, soil pH, ploughing 

depth and years of cultivation). The significance level of the heterogeneity of the model (QM), 
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i.e. the variation in the effect sizes that is explained by the model, was tested against a χ
2
 

distribution with 1 degree of freedom which is equivalent to calculating the significance level 

of the slope against a normal distribution (Rosenberg et al., 2000). From this, a significant 

QM means that the independent variable explains a significant amount of the variability in 

effect sizes and a significant QE (amount of residual error heterogeneity) implies that there is 

still heterogeneity among the effect sizes that is not explained by the model. 

 

Results 

Total earthworm abundance and biomass 

From the larger abundance dataset, it can be seen that although the majority of the 

investigations were performed in Europe and America (in particular, North America), studies 

from Africa (Tunisian Republic, Burkina Faso and the Republics of Cameroon, Kenya, 

Malawi, Zambia, Zimbabwe, South Africa and Madagascar), Oceania (5 studies from 

Australia and 4 from New Zealand) and Asia (Iran, India, China, Japan) also contributed to 

the meta-analysis (Fig. 1).  

 

 

Rosenthal’s Fail Safe N for the abundance data ranged from 1,024 to 25,171 and in the 

case of biomass, from 200 to 13,779, with the lowest values obtained for those grouping 

classes that only included very few studies due to the paucity of data (e.g. food inputs and 

crop protection grouping factors). Nonetheless, even in those cases, a minimum number of 

200 observations with an average Z value of zero would have been needed to significantly 

change the outcome of the meta-analyses of these two datasets. In contrast, a much larger 

number of these observations (>13,000) would have been needed to reach different 

conclusions for tillage treatments, rainfall and climate zone, sampling method, soil texture 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

and years of cultivation. Consequently, we can conclude confidently that publication bias in 

our literature survey was highly unlikely to have a significant effect on the interpretations and 

conclusions. 

 

Influence of sampling methods 

The percent response to a change in tillage practices (i.e., “conventional” vs. “other forms of 

reduced” tillage) calculated separately for earthworm sampling methods showed that with the 

exception of the octet method, all collection techniques detected significantly greater 

abundance and biomass in soils under reduced tillage than under conventional treatments 

(Fig. 2). The sample means of the different techniques were not significantly different 

between them (p > 0.05), reflecting that hand-sorting (the most commonly used method by 

researchers), chemical expulsion using formalin or mustard and the combination of these two 

methods seem to be similarly efficient in estimating earthworm populations (both abundance 

and biomass) in agricultural soils (Fig. 2). In the two earthworm datasets, the ‘other methods’ 

category, encompassing a small number of studies with miscellaneous methods, such as wet 

sieving, Berlese extractors and the combination of hand-sorting with electrical or soil sieving, 

had variable results, but recorded a greater treatment effect than the other sampling 

techniques (Fig. 2).  

 

Influence of tillage and other management practices 

Significantly larger earthworm populations, in terms of abundance and biomass, were 

observed with decreasing intensity in agricultural management (p < 0.05; Figs. 3a,b). No-

tillage and conservation agriculture resulted in the greatest percentage of change in 

earthworm populations compared to conventional controls (abundance: 137% and 127% and 

biomass: 196% and 101% under NT and CA, respectively). With other tillage categories, the 
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more the soil was disturbed, the less beneficial the effects on earthworms were, with deep soil 

loosening (non-inversion tillage) and reduced (inversion) tillage having similar effects to the 

conventional practices (Figs. 3a,b). 

 

 

The depth of ploughing during conventional tillage practices also affected earthworm 

populations, although the overall effect of this classification factor was not significant. 

However, for both data sets working depths less than 20 cm tended to have the greatest 

positive effect size, reflecting a larger increase in earthworm biomass and abundance with 

reduced tillage (Figs. 4a,b). 

 

 

The importance of how deep soil is conventionally ploughed in controlling earthworm 

populations was also partially evidenced by a negative relationship between the effect size 

metric and this variable, with the model being statistically significant for earthworm numbers 

but not biomass (Fig. 5). Furthermore, although the meta-regression model for abundance 

data showed the best goodness of fit, in both cases there was a significant amount of 

heterogeneity in the data, which was not explained by the model (Fig. 5). 

 

 

Another important effect agricultural management had on earthworm populations was 

related to the availability of organic materials (OM). The presence of a catch crop, of crop 

residues from the previous year (either left on the soil surface or incorporated into the soil) 

and/or the addition of organic amendments (such as animal manures) provide food and 

habitat space for earthworms in these cultivated soils. Consequently, a greater positive effect 
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of reduced tillage intensity on earthworm populations was observed when any of those 

supplementary food materials were provided in field studies compared to when they were 

removed (Figs. 4c,d), with the results being significant for the abundance data only (p = 

0.020; Fig. 4c).  

 

 

Surprisingly, the effects of reduced tillage intensity on earthworm population sizes, 

categorised by the use of crop protection substances, were not statistically significant (p > 

0.05) and with the outcome of using pesticides showing the more variable results (Figs. 4e,f). 

However, when herbicides were added, a positive effect on earthworms was observed, with 

glyphosate having the greatest positive effect (Figs. 4e,f). 

 

 

Finally, earthworm population sizes tended to show a greater response to reduced tillage 

over time (Figs. 4g,h). This effect was significantly greater for studies with cultivation 

treatments in place for at least 10-20 years (126% and 137% change in abundance and 

biomass, respectively) compared to studies with cultivation duration of fewer than 10 years 

(64% and 73% positive effect for abundance and biomass, respectively). Because the number 

of studies that included sites cultivated for more than 20 years was low, the response ratio for 

this categorical class showed a much greater variability (Figs. 4g,h).  

 

These results for duration of experimental treatments were borne out further by the 

outcome of the meta-regression analyses (Fig. 6), indicating that the slope in both regression 

models (abundance and biomass) was probably not zero, which suggests that the longer the 

duration of reduced cultivation, the larger earthworm population will be (Fig. 6). Even though 
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both meta-regression models were significant, there was an important amount of 

heterogeneity in the two data sets that was not fully explained by the number of years the 

land had been under cultivation. 

  

Influence of climatic factors 

The response ratio of earthworm abundance and biomass to change in tillage practices was 

significantly affected by annual rainfall amounts (p = 0.022 and p = 0.008, respectively; Figs. 

7a,b). Although there was a positive response for each of the three categories, a significantly 

greater response in earthworm abundance and biomass was observed in more humid areas 

(>1000 mm per annum) compared to study sites where the mean annual precipitation ranged 

between 500 and 1000 mm (Figs. 7a,b). In addition, low rainfall (<500 mm) values were also 

associated with positive increases in earthworm populations in the less intensively tilled soils 

(Figs. 7a,b). These results were borne out further when the data were categorised according to 

climate zones (p = 0.002 and p = 0.008 for abundance and biomass, respectively; Figs. 7c,d), 

with the largest effect on earthworm populations being observed in cold climates with a dry 

season in the winter (Cw). Significantly lower, but still positive effects, were also found in C 

(dry) and D (snow) climates with sufficient moisture all months (Cf and Df). Even warm 

tropical rain climates, with monthly temperatures >18
o
C all year round, promoted earthworm 

abundances under reduced tillage operations, but only if a dry period occurred in the winter 

(Figs. 7c).  

 

This positive response of earthworm populations under all rainfall categories explains the 

absence of a significant regression relationship between the response ratio of earthworm 

numbers and biomass and rainfall amounts when analysed as a continuous variable (p > 0.05; 

results not shown). 
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Influence of soil factors 

Earthworm numbers and biomass responses to changes in agricultural management also 

varied with soil texture, although the overall effect of this grouping variable was not 

statistically significant, likely due to large variance of the few studies conducted on sandy 

soils (Figs. 8a,b). However, all soil textural classes analysed here showed a positive effect on 

earthworm population sizes. In the case of abundance, a statistically significant increase was 

observed for clayey soils compared to loamy textures (Fig. 8a), whereas these two soil 

textures rendered similar results for the biomass data (Fig. 8b).  

 

By contrast, when grouping the response ratios by percentage clay classes (Figs. 8c,d), 

there was a significant effect of soil clay content on earthworm abundance (p = 0.011), and 

the result for earthworm biomass was marginally significant (p = 0.07). In both cases, the 

highest clay content was associated with the largest effect on earthworm populations (on 

average, 167% and 209% change when soils contained >35% clay; Figs. 8c,d), with the 

differences to the soils with least clay content (<18%) being significant. 

 

This positive relationship between the response ratio of earthworm populations (numbers 

and biomass) and soil clay content was also confirmed by the results from the meta-

regression analyses (Fig. 9), indicating that significant increases in earthworm communities 

under less intensive cultivation occurred on soils with finer textures. However, in the case of 

the biomass data, although the clay content explained a significant amount of variation in the 

response ratio, there was still heterogeneity not being fully explained by the model (Fig. 9b). 
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There was no statistically significant effect of reduced tillage practices on earthworm 

abundance and biomass when the soils were classified according to their organic C contents 

(Figs. 8e,f). All four analysed intervals showed positive effects, but larger effect size trends 

relative to the control tillage treatment were observed for the lower organic C contents 

(<0.6% in the case of abundance data and less than 1.2% for biomass). There were no 

significant differences between the four categories tested (i.e. <0.6%, 0.6-1.2%, 1.2-2.0% and 

>2.0%) and accordingly, the meta-regression analyses also failed to produce a significant 

relationship between Ln(R) and the soil C contents reported in the literature (p > 0.05; results 

not shown). 

 

Finally, the response ratio of earthworm abundance and biomass to less intensive 

cultivation was significantly affected by soil pH (p = 0.005 and p = 0.027, respectively; Figs. 

8g,h). Even though there was a positive response for the three categories tested, a statistically 

significant increase in earthworm populations was observed in the acidic soils (pH < 5.5), 

despite the fact that the studies comprising this category showed the greatest variance. This 

result was also confirmed by the negative relationships, albeit not significant, between the 

response of earthworm populations to reduced tillage and the soil pH values recorded at the 

investigated sites p > 0.05; results not shown). 

 

Community structure 

Sixty papers provided information about abundances of different earthworm species under 

conventional and “other reduced forms of tillage”; however, only 51 studies met the meta-

analyses criteria and contributed with 260 records for a total number of 31 species. 

Unfortunately, just over a third of these species were only reported in single published 

articles (i.e. N = 1), which did not allow the calculation of the response ratio. In addition, a 
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small number of species were recorded in 2-3 studies, which resulted in their associated 

variance values being, in some cases, up to 20 times higher than for the rest. Therefore, Fig. 

10a only shows the response ratio of the 13 most frequently reported species to reduced 

tillage intensity. It can be seen that grouping the data according to earthworm species 

composition showed a statistically significant effect of reduced tillage on earthworm species’ 

abundances (p = 0.001). Furthermore, significant increases in the abundances occurred for the 

majority of the species reported in the literature, with the largest effects being observed for 

Lumbricus terrestris and L. rubellus. Only three species (recorded in a small number of 

studies) showed no statistical significant response to changes in tillage, namely Aporrectodea 

icterica, A. trapezoides and A. turgida (Fig. 10a). 

      

Age structure 

A limited number of papers (29) reported data on the numbers of mature and immature 

worms collected from each of the tillage treatments, but after removing all those studies that 

did not meet the meta-analysis criteria, only 23 papers contributed to the metaset providing 

76 records on age classes. 

The meta-analyses of this much smaller dataset revealed that applying other forms of 

reduced tillage had a slightly stronger effect on adult worms than on the immature ones (Fig. 

10b), but the difference between these two life cycle stages of earthworm was not significant.  

 

Functional groups 

Among the literature reviewed, 43 papers included information about the responses of the 

three well recognised earthworm ecological groupings (epigeic, anecic and endogeic worms, 

sensu Bouché, 1977). After a thorough checking for their suitability for meta-analysis 

purposes, 39 studies were included in the metaset, contributing 174 records. 
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The result of this meta-analysis highlighted the significantly stronger responses of the 

epigeic and anecic worms to reduced forms of tillage than those exhibited by the endogeics, 

although all three groups showed a significant positive response (p = 0.001; Fig. 10c). 

Indeed, the former two ecological groups showed an overall increase greater than 100% 

(117% and 123%, respectively) when tillage was reduced. 

 

Discussion 

Overall, the results of this meta-analysis demonstrate that earthworm population sizes 

increase when tillage intensity is reduced, reaching the highest values when the least 

intensive practices, i.e. no-till and conservation agriculture, are applied. This effect was 

consistent across the two databases analysed (abundance and biomass); however, besides 

tillage, other agronomic and environmental factors (e.g. organic matter additions, climatic 

conditions and soil characteristics) modulated the observed responses. 

 

General effects of reducing tillage intensity on earthworm abundance and biomass 

From our extensive global review it is clear that, besides the direct effects of the different 

tillage implements used to prepare the soil for planting (mouldboard plough, chisel, disk, 

harrows, etc.), the intensity (i.e. how deep is the soil disturbed) and other agronomic practices 

(e.g. handling of crop residues) also have strong influences on earthworm populations 

(Edwards, 1983; Lee, 1985; Ivask et al., 2007). Consequently, the entire ‘cropping calendar’ 

(encompassing tillage operations, planting, fertilising, adding crop protection substances, 

harvesting and handling the crop residues) determines the overall outcome of the impact of 

tillage on earthworms and could explain the inconsistent results reported in the literature (see 

for example Chan, 2001 for a general overview of these conflicting views).  
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Furthermore, in agreement with several individual studies (Gerard & Hay, 1979; Bogužas 

et al., 2010), we found a significant negative relationship between ploughing depth and 

earthworm abundance.  Interestingly, our meta-analyses also confirmed that the shallower the 

soil inversion is, the greater the chance that the resilient populations would recover and build 

larger numbers under reduced tillage (Gerard & Hay, 1979), also possibly helped by less 

alterations in water stable aggregates (Bogužas et al., 2010) and organic matter distribution 

along the soil profile (Briones & Bol, 2003; Piccoli et al., 2016). 

 

Regarding how frequently the soil is ploughed, among the studies included in our meta-

analyses, only eight trials specified that ploughing was performed only once a year (usually 

in autumn/fall period), another four papers indicated that this operation took place in spring 

and one that the soil was ploughed in both seasons. However, the vast majority of the 

published papers merely stated ‘annual ploughing’, ‘conventional ploughing’ or ‘mouldboard 

ploughing’ without specifying when exactly this operation took place. It has been noticed that 

this lack of detailed descriptions of tillage practices in the published reports is also to blame 

for the contrasting findings reported by the different authors (Chan, 2001). Despite some 

studies reporting that spring ploughing was particularly negative for immature worms (De St. 

Remy & Day-Nard, 1982; Marinissen, 1992), their results were inconclusive probably 

because of the confounding effects of samplings at specific times when favourable climatic 

conditions and organic applications took place. 

 

Another interesting aspect that contributes to the conflicting picture of the effects of tillage 

on earthworms is the land use history, i.e. how many years the soil has been cultivated, what 

the previous use of the land was and how much time has passed since its last conversion to 

arable land. This is important because the ability of earthworm communities to adapt to a soil 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

environment that has been ploughed once or several times every year is expected to increase 

over time, as the more resilient species will remain in the community. Therefore, soon after 

land use conversion, mortality rates are expected to be higher than in those soils that have 

been cultivated for many years, but food supply can also be higher temporarily for instance 

after grassland conversion (Edwards, 1983), and individual fields will differ in their 

suitability for recolonization by earthworms from field margins (Roarty & Schmidt, 2013). 

Therefore, the available literature offers contrasting responses, ranging from prompt 

recoveries after a few months (e.g. Marinissen, 1992) to population numbers remaining very 

low after many years of cultivation (25-30 years; e.g. Barley, 1959; Low, 1972), but also 

either increases and decreases at time intervals of just a few years (<10 years; see also Chan, 

2001 for detailed descriptions). 

 

 

In our quantitative survey, we found a very strong positive response of earthworm 

populations to reduced tillage operations when the soil had been under reduced tillage for a 

long time (>10 years) and significant percentages of change in both earthworm numbers 

(117-126%) and biomass (75-137%) were observed. The limited number of long-term studies 

(>20 years) did not allow us to reach a clear conclusion on earthworm population recovery 

from conventional tillage in the long-term. However, the fact that the two means (abundance 

and biomass) for this effective class were greater than the grand mean suggest that a similar 

trend is expected, although it will need to be confirmed in future research. The discrepancy 

with those studies reporting rapid recoveries after conversion to reduced tillage can be 

explained by the confounding effects of other factors besides tillage; for example, by having 

legumes as a catch crop (Boström, 1995), the application of manures (Marinissen, 1992), the 

presence of large, species-rich earthworm communities in field margins and/or the use of 
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unrealistically small plots in experiments that can be recolonised quickly (Roarty & Schmidt, 

2013) or by more favourable weather conditions for earthworm reproduction at the time of 

the sampling (e.g. Curry, 2004; see also above). 

 

 

Leaving the crop residues after crop harvest instead of removing them from the fields in 

preparation for the next cropping season is another major factor that likely explains the 

contrasting observations in earthworm responses to tillage in the literature (Curry, 2004; 

Schmidt et al., 2003). Crop residue retention provides a protective layer that prevents soil 

water evaporation and supplies additional food for earthworms (Curry, 2004). It also 

increases cation exchange capacities over time due to the accumulation of organic carbon in 

the top soil. Certain management practices, such as burning the straw residues after harvest, 

have negative effects on carbon sequestration, with 36% losses in the top after 100 years of 

annual burning compared with areas that were not burned (Spagnollo, 2004). In spite of the 

ecological importance of residue handling, very few studies across our literature survey 

provided detailed descriptions of how the harvest residues were managed and whether other 

organic materials such as green residues and/or animal manures were added in the control and 

experimental treatments under comparison. However, the information provided by the studies 

available allowed us to confirm that adding a potential food source for earthworms amplifies 

their response to reduced tillage, in other words, reduced disturbance combined with larger 

food supply increases earthworm populations greatly (Schmidt et al., 2003). The results from 

our meta-analyses for residue additions were significant for earthworm numbers but not for 

biomass, possibly due to the difference in the number of observations included in each data 

set (69 vs. 31) and hence, in the number of degrees of freedom. It should also be pointed out 

that in our meta-study we included in the “conservation agriculture” category all those 
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experimental designs in which the no-till treatments retained the crop residues but that were 

removed from the control plots, with the aim of counteracting for the change in another 

important factor besides the tillage. However, the dataset also contained a few studies that 

compared conventional agriculture with other forms of reduced tillage (shallow and deep soil 

loosening) in which crop residues were used as mulch, which makes it very difficult to 

separate the effects of each factor. 

 

 

Intensive agricultural production systems often involve the application of various chemical 

substances with the aim of protecting the growing crop against damage by pests and diseases. 

Even in less intensive systems the use of synthetic pesticides is widespread and of 

environmental concern due to their long persistence in the soil (Srimurali et al., 2015). Their 

toxic effects could reach non-target organisms such as earthworms and decrease their survival 

and reproduction rates and affect their behaviour (see review by Datta et al., 2016). However, 

the results of our meta-analyses showed an enormous variability in the responses of 

earthworms to pesticides, likely due to the fact that more than one type of chemical 

compound were involved and that very often cocktails of herbicides, fungicides and 

insecticides are applied to the soils or as seed dressings. Specifically, we did not find any 

significant effect of the use of glyphosate on earthworm populations and both abundance and 

biomass tended to be even greater when this herbicide was used in the fields (on average 35% 

increase compared with the overall mean). Other studies did not observe any detrimental 

effects of this broad-spectrum herbicide on earthworm populations (Fusilero et al., 2013) and 

in some occasions the response was species dependent (Givaudan et al., 2014) or being 

modulated by other factors such as a reduction in root colonization by arbuscular mycorrhizal 

fungi (Zaller et al., 2014). Different herbicide dosages, combinations with other 
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agrochemicals and the fact that this kind of research has been usually performed under 

laboratory conditions might explain the differences and highlights the need for more field 

research to clarify whether the observed increases are the result of direct or indirect effects.  

 

 

The modulating effects of abiotic factors  

Across all five continents and all climates, the response of earthworm populations to 

decreasing tillage intensity was greater in warm temperate climates with a dry season in the 

winter and warm/hot summers (i.e. with at least 4 months of mean temperatures above 10
o
C) 

according to the Köppen classification system (1923, 1931). This highlights the important 

role of temperature and moisture gradients on earthworm population dynamics and their 

seasonal variations across the globe (e.g. Lavelle & Spain, 2001; Moron-Rios et al., 2010; 

Najar & Khan, 2011; Redmond et al., 2014; Hackenberger & Hackenberger, 2014; Kanianska 

et al., 2016). Accordingly, seasonal mortality rates have been attributed to water shortages, 

but high rainfall conditions have also been linked to earthworm declines due to the low 

nutrient status of these moist soils (Fragoso & Lavelle, 1992). However, the optimum values 

for earthworm activities and reproduction might vary for different species and ecological 

groups (Curry, 2004). This might explain why our meta-analyses results showed the 

contrasting result of having more positive responses of earthworms to reduced tillage either 

in rainy areas (>1000 mm on average per year) or in regions with low annual precipitation 

values (<500 mm). Furthermore, wet cultivated soils are more prone to soil compaction 

(tillage-pan formation) and several studies have reported earthworm avoidance of and higher 

mortality rates in soils degraded by compaction and tillage-pans (Radford et al., 2001; Birkas 

et al., 2004; Capowiez et al., 2009b). Therefore, the recovery of the earthworm populations 

(or more specifically, of the resilient species/ecological groupings) might be encouraged by 
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drier conditions. On the other hand, positive responses in dry climates can also be expected 

because reduced tillage conserves water (Blevins et al., 1983), prolonging active periods for 

earthworms. 

 

In addition, previous studies have found that the negative impacts of intensive tillage on 

earthworm populations are also greater in finely textured soils (i.e. with a high percentage of 

clay) due to the fact that these light particles dry out very quickly when they are turned over 

(Chan, 2001). In agreement with these findings, the greatest change in earthworm populations 

to reductions in tillage intensity was observed in clayey soils (123%). Furthermore, the 

results from our meta-regression analyses indicated that earthworms showed the largest 

positive response to reduced tillage with higher soil clay contents (>35%). It is known that 

heavy clay soils usually support higher population numbers due to their higher water 

retention, which are important factors for earthworm survival (Gerard & Hay, 1979; Baker et 

al., 1998; Curry, 2004).  Also, in relation to this, clay soils tend to retain organic matter more 

tightly than coarse textured soils. The reasons can be found in the chemical bonds that are 

formed on the surface of clay particles that hold organic matter and slow down its 

decomposition, together with a greater tendency for the clay soils to form aggregates, which 

protect the organic matter from microbial attack (Rice, 2002).  

 

Indeed, the positive relationship between soil organic carbon and earthworm density has 

also been observed previously (Hendrix et al., 1992). The studies included in this review, 

which covered a good range of carbon contents (from 0.18% in some African sandy soils to 

around 12% in Mexican clay soils) showed that, on average, higher carbon contents were 

linked to higher population numbers. While the meta-regression analyses did not reveal a 

significant response of earthworm populations to reduced tillage in relation to the carbon 
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content of the soils as a single factor, it did show that the largest percentage of change in 

earthworm densities (≈132%) in response to reduced tillage occurred in those soils with the 

lowest organic content (<0.6%). Agricultural managements leading to lower soil carbon 

contents generally support fewer earthworms (e.g. Curry, 2004; Ayuke et al., 2011). It is 

therefore plausible that reduced tillage leading to higher soil C contents (Blevins et al., 1983) 

is most beneficial for earthworms in soils with the lowest soil C baseline values. Overall, the 

amount of carbon present in the soil might not be a good sole predictor of tillage impacts on 

soil invertebrate communities because other factors such as rainfall patterns and previous 

land use history could be masking the overall effects (Guo & Gifford, 2002). For example, 

some studies have observed that soil carbon content in the top soil tends to increase in the 

more conservative agricultural operations because of a greater accumulation of crop residues 

on the surface and the absence of a disturbed soil profile compared to the ploughed soils 

(Kibet et al., 2016; Piccoli et al., 2016). However, these effects seem to be climatic 

dependent, with a maximum in soil C occurring after a wet preceding year and minimum 

after a dry preceding year (e.g. Conyers et al., 2015).  

 

Similarly, other studies have reported an increase in soil organic matter concomitant with 

a decrease in soil pH; for instance, Gillman (1985) indicated that for 1% increase in soil 

carbon, soil pH declines by 1 unit. Consequently, in the long-term soil organic matter 

accumulation under reduced tillage might result in soil acidification especially in low pH 

buffering capacity soils (Conyers et al., 2015) and when high N fertilizers are used (Blevins 

et al., 1983). In relation to this, the results of our meta-analyses also indicated that although 

there was a negative relationship between the earthworms’ response ratio and soil pH, they 

responded significantly more positively to reduced tillage operations in the most acidic soils 

category (pH <5.5). It is generally assumed that earthworms can withstand strong acidic 
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conditions (pH <4; Bouché, 1972), with some species being described as eurytopic (e.g. 

Aporrectodea caliginosa; Räty, 2004), but their burrowing activities will greatly increase at 

pH values above 5.4 (Auclerc et al., 2011). On the other hand, it is known that soils with high 

clay and organic matter content also have a greater cation exchange capacity than sandy soils 

(Bot & Benites, 2005), as a result of clay and humus having electrostatic surface charges that 

attract and hold ions. This improves nutrient availability for plants and soil organisms, 

including earthworms and a significant positive relationship has been previously found 

between CEC and earthworm biomass (Reich et al., 2005). Together, these findings imply 

that organic matter accumulation and the chemical bonding of organic substrates onto clay 

particles clearly benefit earthworm populations, especially in soils with low carbon contents 

and low pH buffering capacities. 

 

 

Effects of reducing tillage intensity on taxonomic richness, age structure and functional 

groupings 

Besides abundance and biomass, the structure of the earthworm communities can also be 

profoundly altered by soil cultivation (Edwards, 1983). However, while some authors have 

not detected any significant changes in earthworm species diversity in response to soil 

management (e.g. Gerard & Hay, 1979; Reddy et al., 1997), others have reported a drastic 

reduction in the taxonomic richness in tilled soils. For instance, Curry et al. (2002) observed 

a decline in species richness from 9 to 1 species after intensive destoning and cultivation for a 

potato crop. Some differentiated effects, on species or ecological groups, have been reported 

consistently; for example, the bigger-sized worms (anecics), such as L. terrestris and A. 

longa, were more sensitive to tillage than the shallow burrowing and small endogeic species 

such as Allolobophora chlorotica, A. caliginosa and A. icterica (Wyss et al., 1992; Edwards 
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& Lofty, 1982). Our global meta-analysis presents the first comprehensive, quantitative 

review of the responses of earthworm species and the three ecological groups to reduced 

tillage practices. 

 

Many agronomically or tillage-focussed studies report total earthworm numbers (and less 

frequently, biomass) as one of several commonly measured indicators of the biological 

effects of tillage practices. Our meta-analysis provides compelling evidence for the 

significantly different responses to tillage by ecological groups and also individual species of 

earthworms (Figs. 10a,c). For a full understanding of tillage effects on earthworms and their 

functions, it is therefore imperative that species (or ecological groups) are reported and 

considered separately, taking account of their biology, habitat requirements, survival 

strategies and so on. 

 

One common survival strategy exhibited by earthworms during adverse environmental 

conditions is to move down to deeper layers and enter into a resting stage (by emptying their 

gut and coiling up into a tight ball inside an aestivation chamber which has been made 

previously by mixing casts and mucus; Lee, 1985). By disturbing the soil (e.g. by inversion 

tillage) during inactive periods of the year (late autumn, early spring) and exposing the 

earthworms that have entered into this inactive stage to the surface, where they can be easily 

predated, can cause severe reductions in their populations (Curry et al., 2002). The most 

likely species to be affected by these disturbances are surface dwellers (i.e. belonging to the 

epigeic ecological group) and the anecic worms that build vertical burrows open to the 

surface where they feed and cast, whereas the small endogeics living in the mineral horizons 

exhibit fewer alterations in their populations. 
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Furthermore, in the case of well-studied anecic species, such as L. terrestris, there is 

evidence suggesting that their burrows are permanent or semi-permanent structures that can 

be inherited by their offspring (Butt et al., 2003; Grigoropoulou et al., 2008). This low 

mobility might also explain why this species showed the greatest positive effect from 

reducing tillage operations. Indeed, our meta-analyses showed very clearly that L. terrestris 

exhibited the strongest positive response to reduced tillage, by increasing the average number 

of their populations by about 124% compared to the overall mean. 

 

In the case of other anecic species reported in the literature and included in our meta-

analyses, such as A. longa and A. trapezoides, although they also benefited from reducing 

tillage intensity, the magnitude of their responses was less marked. Therefore, species 

identity plays a determining role in the overall response of earthworm populations to tillage 

and can explain a good number of inconsistent results observed in the literature, where the 

communities in these cultivated soils were mainly dominated by these species (Hubbard et 

al., 1999; Johnson-Maynard et al., 2007). However, as is also shown in our meta-analyses, 

the earthworm responses to reduced forms of tillage were modulated by their specific 

sensitivity to tillage techniques (with deep soil loosening having the most detrimental effects 

on the recovery of all investigated species) and to the presence/absence of harvest residues on 

the soil surface.  

 

Long-term recover of earthworm populations after tillage is also influenced by survival of 

their offspring (cocoons and juveniles). Unfortunately, the majority of results reported in the 

literature were based on total or adult individuals, in most cases because adults are easier to 

identify. However, it is well known that earthworm populations mainly consist of immature 

worms, with some reports indicating they can make up to 76-90% of the population (Marwitz 
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et al., 2012; Domínguez & Bedano, 2016), and that they are extremely sensitive to tillage 

(Ulrich et al., 2010). Therefore, future research efforts should incorporate the effects of 

tillage operations on young worms. Juvenile earthworms can occupy a different niche than 

adults by feeding on the surface layers irrespective of the ecological grouping (Gerard, 1967; 

Rundgren, 1975) and it has been observed that performing tillage operations during those 

periods when their numbers are high results in more severe reductions of this age group than 

in the adult numbers (De St. Remy & Day-Nard, 1982). 

 

As seen before, adding supplementary food material can counteract some of the negative 

effects of tillage (Curry, 2004). Farmyard manures derived from livestock are very rich in 

nitrogen and release organic material rapidly (Leroy et al., 2008) and that is why they 

represent preferential sites for the earthworms to lay their cocoons and for the juveniles to 

grow (Binet et al., 1997). Plant roots also provide good environments for earthworm 

reproduction (Gerard, 1967; Satchell, 1977); however, when the crop is harvested and soil 

turned over, the supply of fresh plant material is ploughed under which might then benefit the 

deep burrower adult worms but seriously compromise the survival of the newly born worms. 

 

Taken together, these findings suggest that feeding habits, body size and burrowing 

activities determine the survival of earthworm species to tillage. Future research could 

expand the present analysis even further by analysing traits rather than species of life forms 

(e.g. Bokhorst et al., 2012). Importantly, the fact that our results confirmed that epigeic and, 

more importantly, anecic worms, are the functional groups first to disappear from tilled soils 

has far-reaching implications for the functioning of these agricultural systems. For instance, 

the absence of deep burrowers will mean that the maintenance of soil structure and drainage, 

the incorporation of organic matter down the soil profile together with the mixing of the soil 
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will not be carried out to the same extent by the natural plough of the Earth. The lack of 

surface dwellers will also have negative effects on the degradation of fresh inputs of organic 

matter. In turn, the disappearance of the surface casting activities of these two important 

ecological groupings will profoundly affect microbial activities and overall, the recycling of 

nutrients and the long-term functioning of the soil. Therefore, as seen here, various forms of 

reduced tillage can be adopted to achieve soils with larger and functionally diverse 

earthworm communities. 
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Figure legends 

Fig. 1 Number of included studies on the effect of tillage practices on earthworm abundances 

by continent of origin. 

Fig. 2 The effect of sampling method on earthworm abundance (a) and biomass (b) as a 

percentage change of the control. Mean effect and 95% confidence intervals are shown. 

Sample sizes are shown on the right of each confidence interval, first the number of control–

treatment pairs followed (after the slash) by the number of studies from which the 

comparisons were derived. 

Fig. 3 The effect of the different forms of reduced tillage treatments on earthworm abundance 

(a) and biomass (b) as a percentage of the control. For treatment codes see Table 1. Mean 

effect and 95% confidence intervals are shown. Sample sizes are shown on the right of each 

confidence interval, first the number of control–treatment pairs followed (after the slash) by 

the number of studies from which the comparisons were derived. 

Fig. 4 The effect of ploughing depth in the Conventional control (a and b), organic matter 

(OM) additions (c and d), agrochemicals use (e and f; P = pesticides, HG = glyphosate was 

used as herbicide; HnoG = any other type of herbicides was used for crop protection but no 

glyphosate) and the number of years of cultivation (g and h) on earthworm abundance (left) 
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and biomass (right) as a percentage of the control. Mean effect and 95% confidence intervals 

are shown. Sample sizes are shown on the right of each confidence interval, first the number 

of control–treatment pairs followed (after the slash) by the number of studies from which the 

comparisons were derived. 

Fig. 5 Random-effects model – regression of the log response ratio of earthworm abundance 

(a) and biomass (b) versus reported ploughing depth in the Conventional control. 

Fig. 6 Random-effects model – regression of the log response ratio of earthworm abundance 

(a) and biomass (b) versus years of cultivation. 

Fig. 7 The effect of annual rainfall (a and b; in mm) and the Köppen climate classification (c 

and d; the first letter refers to the main climates: A=tropical rain climate without cool season, 

B=dry climates, C=warm temperate climates and D=snow climates, and the second letter to 

the further sub-divisions according to the seasonal distribution and amount of rainfall and to 

the winter and summer temperature regimes: f=sufficient moisture in all months; s=dry 

season in the summer of the respective hemisphere; w=dry season in the winter of the 

respective hemisphere) on earthworm abundance and biomass as a percentage of the control. 

Mean effect and 95% confidence intervals are shown. Sample sizes are shown on the right of 

each confidence interval, first the number of control–treatment pairs followed (after the slash) 

by the number of studies from which the comparisons were derived. 

Fig. 8. The effect of soil texture (a and b), soil clay content (c and d; in %), soil organic 

carbon content (e and f; in %) and soil pH (g and h) on earthworm abundance and biomass as 

a percentage of the control. Mean effect and 95% confidence intervals are shown. Sample 

sizes are shown on the right of each confidence interval, first the number of control–treatment 

pairs followed (after the slash) by the number of studies from which the comparisons were 

derived. 
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Fig. 9. Random-effects model – regression of the log response ratio of earthworm abundance 

(a) and biomass (b) versus soil clay content (%). 

Fig. 10 (a) Mean changes in the abundance of individually reported earthworm species as a 

percentage of the control in response to reduced forms of tillage (AH = Allolobophora 

chlorotica, AC = Aporrectodea caliginosa, AG = A. georgii, AI = A. icterica, AL = A. longa, 

AT = A. trapezoides, ATUB = A. tuberculata, ATUG = A. turgida, AR = A. rosea, LT= 

Lumbricus terrestris, LR = L. rubellus, LC = L. castaneus, OCTO = Octolasion spp.). (b) 

Mean changes in earthworm abundance of different age groups as a percentage of the control 

in response to reduced forms of tillage. (c) Mean changes in earthworm ecological groups’ 

abundance as a percentage of the control in response to reduced forms of tillage. Mean effect 

and 95% confidence intervals are shown. Sample sizes are shown on the right of each 

confidence interval, first the number of control–treatment pairs followed (after the slash) by 

the number of studies from which the comparisons were derived. 
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Table 1 Tillage grouping categories used in the meta-analyses 

 

Tillage categories (codes in brackets) Common terminology for reduced tillage 

treatments used in the literature 

No-Tillage (NT) No tillage, no-till 

No tillage+chemicals 

Zero Tillage 

Direct Seeding 

Direct Sowing 

Direct Drilling 

Cutting 3-4 cm wide slots by hand tool 

Unploughed 

Narrow-point openers (5-10 cm) 

Shallow Soil Loosening (SLL) 

 

(Superficial Tillage or Soil Loosening <15 

cm, non-inversion tillage) 

Minimum tillage 

Minimum tillage with soil loosening 

Minimal cultivation by Dutzi non-inversion 

cultivator and drilling 

Superficial tillage  

Coulter disk for planting 

Disking 

Tined cultivation 

Chisel  

Rotatory harrow  

Rotary hoe 

Sub-till or subsurface tillage 

Cultivators 

Shallow Loosening 

Deep Soil Loosening (DSL) 

 

(Deep loosening >15 cm, Vertical tillage, 

non-inversion tillage) 

Minimum Tillage  

Erosion plough 

Chisel plough  

Chisel disking 

Deep tine cultivation  

Harrowing 

Rotary hoe 

Disk harrow 

Cultivators 

Deep Loosening  

Paraplow  

Ripping 

Reduced Tillage (RT) 

 

Shallow ploughing 

Reduced ploughing 
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(Shallow Ploughing, inversion tillage) Ridge 

Ecomat (shallow inversive ploughing 10 cm) 

Two-layer ploughing (the double-layer 

plough turned the soil in the upper 15 cm and 

loosened it 10 cm below) 

Conservation Agriculture (CA) Conservation Agriculture  

Conservation Tillage  

Layer cultivations  

No tillage (with crop residues retained and 

standing stubble or with cover crops as living 

mulch) 

Zero loading 

Shred-bedding (shredding stalks after 

harvest, followed by bedding on the old 

rows) 

Dibble stick to create a planting hole where 

seeds are placed plus crop residues retained 

as surface mulch 

ECO-Tillage 

Volunteer ryegrass production 

Ridge till 
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