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Abstract 1 

Earthworms directly and indirectly affect soil physico-hydraulic properties. We studied 2 

interactions between winter wheat and the common European earthworm Allolobophora 3 

chlorotica, testing for impacts upon soil physico-hydraulic properties. Column experiments with 4 

three different soil textures and field-relevant earthworm densities were conducted. Saturated 5 

hydraulic conductivity (Ks) increased over time in earthworm treatments, with the increase 6 

occurring most rapidly in the plant plus earthworm treatment. After 16 weeks Ks had increased in 7 

the treatment comprising both plants and earthworms by factors of 12, 34 and 39 in the loam, 8 

silt-loam and sandy-loam soils respectively relative to controls. The presence of earthworms 9 

resulted in an 88.5% increase in the contribution of pores >3mm diameter to water flow. In the 10 

majority of treatments, soil water-holding capacity and percentage water-stable aggregates of the 11 

5 cm topsoil in both the plant and the earthworm treatments increased significantly compared to 12 

controls with the plant plus earthworm treatment showing the greatest increase. Plant growth was 13 

greater in the presence than absence of earthworms. Our study shows synergistic and additive 14 

effects on soil physical properties in the presence of both earthworms and plants compared to 15 

when only earthworms or plants are present. It shows that it is not just vertical-burrowing anecic 16 

earthworms that can have a significant effect on soil hydraulic properties but that field-relevant 17 

densities of endogeic earthworms such as A. chlorotica can also contribute to soil water flow 18 

regulation. 19 

Keywords: Soil unsaturated hydraulic conductivity, partitioning flow, pore classes, , soil water 20 

release curves, earthworm-plant interaction.  21 
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1. Introduction 22 

It is well known that earthworms directly and indirectly affect soil physical and hydrological 23 

processes by regulating the surrounding physical environment through their burrowing behaviour 24 

(Blouin et al., 2013; Hallam et al., 2020). Burrows created by earthworms can conduct water and 25 

affect other hydrological proprieties of the bulk soil with specific impacts depending on the 26 

earthworms’ ecological group (Shipitalo and Le Bayon, 2004). Different earthworm species 27 

create burrows of different diameters, lengths, densities, and directions and at different rates 28 

(Bouché 1977; Ehlers 1975; Ruiz et al. 2015; Shipitalo and Butt 1999). Allolobophora chlorotica 29 

for example has a mean burrow diameter of 3 mm (Capowiez et al., 2011) and is reported to 30 

burrow at a rate of 22 cm week-1 (Capowiez et al., 2014b). The hydrological effectiveness of 31 

burrows depends not only on their length and diameter but also on their continuity, connectivity 32 

to the soil surface and other macropores, the rate of flow of water to the soil matrix through the 33 

burrow walls and the antecedent soil moisture conditions (Capowiez et al., 2015, 2014b; 34 

Smettem, 1992).  35 

In field conditions it is only the burrows of some deep burrowing anecic earthworm species 36 

that are commonly connected to the drainage systems of poorly drained soils such as tile drains 37 

(Shipitalo et al., 2004). Perhaps because of this, and their commercial availability, the majority 38 

of laboratory studies that consider earthworms and hydrology focus on anecic earthworms, 39 

usually Lumbricus terrestris (Bastardie et al., 2005; Thorpe et al., 1996; Yu et al., 2019). For 40 

deep burrows that connect to field drains, when it rains and the burrows fill with water, a 41 

constant flux of water flows through the burrows at a rate related to their radius as described by 42 

Poiseuilles’ equation. Typically, laboratory experiments investigating the impacts of earthworms 43 

on soil hydrology mimic this situation and are designed to avoid water logging of the soil by 44 
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having a free-draining highly porous layer at the base of a column of soil to which the earthworm 45 

burrows connect (e.g. Capowiez et al. 2015; Edwards et al. 1989; Shipitalo et al. 1994). 46 

Endogeic earthworms are far more common in arable systems than anecic earthworms 47 

(Capowiez et al., 2009; Spurgeon et al., 2013). The non-vertical burrows of endogeic earthworms 48 

are less likely to connect to free draining macropores or tile drains so that once they are filled 49 

with water, constant flow is not necessarily maintained; the water will flow through the burrow 50 

wall and into the soil matrix with the flux of water depending on factors such as the permeability 51 

of the soil matrix, burrow length and radius and the wetness of the surrounding soil matrix.  52 

Unlike anecic earthworms (Andriuzzi et al., 2015; Shipitalo and Edwards, 1996), significant 53 

effects on soil water infiltration have not been widely reported for endogeic earthworms (Ela et 54 

al., 1992; Spurgeon et al., 2013). However, endogeic species impact a number of soil properties 55 

that influence soil-water relations (e.g. Blouin et al., 2013). Hallam and Hodson (2020), showed 56 

that the endogeic species A. chlorotica increases the percentage of water-stable aggregates 57 

(%WSA) and water holding capacity (WHC) of soil whereas the anecic Lumbricus terrestris 58 

only increased %WSA. Of the few other existing studies that consider the impact of earthworms 59 

on soil water retention and storage, most report an increase in water retention in the presence of 60 

endogeic (mainly A. caliginosa) (Blanchart et al., 1999; McDaniel et al., 2015) and epigeic 61 

(Ernst et al. 2009; Smagin and Prusak 2008) species or when endogeics are associated with 62 

anecic or epigeic species (Boyle et al., 1997; Hallam et al., 2020). The effect of endogeics on soil 63 

water retention could be due to their burrowing behaviour with greater bioturbation of the soil 64 

and aggregate formation resulting in a tortuous and complex burrow system that helps to hold 65 

water and ensure more flow into the surrounding soil matrix (Pérès et al., 1998; Weiler and Naef, 66 
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2003). However, more research is needed to understand their effect on soil hydraulic proprieties, 67 

particularly when associated with plants.  68 

In the field, earthworms generally live in vegetated areas and endogeics live in the upper 69 

mineral soil where they interact with plant roots (Springett and Gray, 1997; Wu et al., 2017). 70 

Therefore, the impact of earthworms on soil hydrology will usually be within the context of the 71 

presence of plant roots. However, most laboratory-based studies on the impacts of earthworms 72 

on soil hydrology are carried out in the absence of plants (Bastardie et al. 2003; Capowiez et al. 73 

2015; Ernst et al. 2009; McDaniel et al. 2015). Plant roots penetrate the soil more slowly (at a 74 

rate of up to 0.025 m day−1) than earthworms (typical burrowing rates of 0.1 to 0.2 m day-1 Ruiz 75 

et al. 2015). Like earthworms, as roots penetrate the soil they create biopores and modify soil 76 

physical properties including hydrological ones (Whalley and Dexter, 1994). Therefore, 77 

understanding the interactions between endogeic earthworms and plants is crucial to fully 78 

understand how earthworms impact on soil hydrology.  79 

In this study we investigated the interactive effects of the endogeic earthworm A. chlorotica 80 

and winter wheat (Skyfall variety) on soil hydrology and soil aggregation. A. chlorotica is of 81 

special interest as it is the most frequently occurring earthworm species in England, representing 82 

34% of identified specimens (Natural England Commissioned Report NECR145, 2014). A. 83 

chlorotica is found throughout Europe and is present as an invasive species in North and South 84 

America, North Africa and New Zealand; earthworms that occupy the same ecological niche are 85 

present across the world (Dupont et al., 2011). We carried out a column experiment using 86 

earthworm densities typical of those found at our soil and earthworm sampling sites. Treatments 87 

with and without winter wheat and in the presence and absence of earthworms plus a 88 

combination of both wheat and earthworms were established for three differently textured soils. 89 
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We studied changes over time in soil hydraulic conductivity and the contribution of different 90 

pore sizes to the flow of water through the soil. At the end of the 16 week experimental period 91 

we measured soil water release curves, soil water holding capacity, aggregate stability, and plant 92 

biomass. The main hypothesis that we tested was that the combined effect of A chlorotica and 93 

winter wheat will synergistically increase soil hydraulic conductivity and soil water retention, i.e. 94 

increases in the presence of the earthworms and plants together will be greater than the sum of 95 

the increases in the presence of each alone. Subsequent hypotheses were that: i) compared to 96 

other treatments, the increase in saturated hydraulic conductivity (Ks) over time will be faster 97 

when both A. chlorotica and winter wheat are present and ii) the level of synergism between 98 

earthworms and plants on soil properties will be a function of soil texture and organic matter 99 

content with increases in water flow and retention being greatest in soils with a coarser texture 100 

and higher organic matter content. 101 

2. Materials and methods 102 

2.1. Experiment design 103 

2.1.1. Soil columns  104 

PVC columns (16 cm diameter x 30 cm high, Fig. A.1) were repacked with Cambisols 105 

(IUSS Working Group WRB, 2015) of different textures sampled from a depth of 0-20 cm from 106 

the University of Leeds commercial farm (53° 51’ 44” N, 1° 20’ 35’’W). The physical and 107 

chemical properties of the soils are presented in Table 1. The soils were air-dried and sieved to < 108 

2mm. The columns were filled gradually with c. 1163 g of soil at a time to give a dry bulk 109 

density of 1.3 g cm-3. Between soil additions the columns were raised and dropped to ensure 110 
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spatial homogeneity in the pore structure of the soil and to avoid compacted layers to reduce the 111 

tendency of the plant roots to concentrate along the column wall (Burr-Hersey et al. 2017; 112 

Valentine et al. 2012). The soils were wetted with deionized water to approximately 30% 113 

gravimetric water content to sustain earthworm activity (Butt and Lowe, 2011). In common with 114 

many column-based experiments a layer of melted petroleum jelly was smeared over the inner 115 

surface of the columns before adding the soil to maintain a good contact between the soil and the 116 

column wall in order to avoid preferential flow of water down the sides of the columns (Dawes 117 

and Goonetilleke, 2006; Monaghan et al., 1989). Further, earthworm burrowing along column 118 

walls as the path of least resistance is a typical bias in mesocosm experiments (Ernst et al., 2009) 119 

and the petroleum jelly will have discouraged this behavior. Recovery of earthworms at the end 120 

of the experiment indicated no toxic effect of the jelly. The upper and lower surface of the basal 121 

3 cm of soil in the columns was covered with c. 0.5 mm diameter nylon mesh to prevent 122 

earthworm escape from the column and connection of their burrows to the base of the columns. 123 

Fifteen cm high paper barriers held in place with rubber bands to prevent earthworm escape were 124 

placed at the top of the columns. The columns were weighed, covered with plastic film to 125 

prevent water loss and stored at 15 °C until planting of winter wheat and addition of earthworms. 126 
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 127 

Table 1 Physical and chemical properties of the soils used in the experiment. Values are given for 128 

replicate subsamples. 129 

Land use pH1 

Organic 

matter2 

(%) 

Field 

dry bulk 

density3 

(g cm-3) 

Clay (%)4 Silt (%)4 Sand (%)4 

Textural class 
< 2 μm 2-50 μm 50-2000 μm 

Arable 

7.73  

7.79 

7.62 

3.63 

3.31 

3.30 

1.56 

1.54 

8.93 

8.08 

8.29 

45.93 

42.09 

42.93 

45.14 

49.82 

48.78 

Loam (L) 

Arable 

7.48 

7.71 

7.73 

3.86  

3.46 

3.50 

1.38 

1.51 

4.28 

4.46 

4.21 

51.24 

53.83 

51.28 

44.47 

41.70 

44.50 

Silt loam (SiL) 

Pasture 

7.26  

7.33 

7.23 

9.61 

9.57  

9.58 

1.22 

1.14 

3.54 

2.48 

3.21 

45.11 

34.55 

41.56 

51.33 

62.96 

51.76 

Sandy loam 

(SaL) 

1 Measured at soil : water  ratio of 1:2.5 (Ministry of Agriculture Fisheries and Food, 1986), 2 by loss on 130 

ignition at 350 °C (Ayub and Boyd, 1994; CEAE, 2003), 3 using soil density rings of 95 cm3, 4 using a 131 

MasterSizer2000 laser particle size analyzer (Malvern Instruments, UK ). 132 

2.1.2. Crop growth and earthworm addition 133 

Winter wheat seeds (Triticum aestivum, Skyfall variety) were germinated on Petri dishes. 134 

Individual seedlings were transplanted to each column when radicles were ≈ 2 cm long. Plants 135 

were grown under natural light for five days and then A. chlorotica were added. The columns 136 
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were then placed in a 15 ± 1°C and 60 ± 7 % rh controlled temperature chamber with a 137 

photoperiod of 16 h under 50 W LED lights (Fig. A.2) (Massa et al., 2008). To ensure optimum 138 

photosynthesis and better distribution of radiation the position of the lights was regularly 139 

adjusted during the growing period to maintain a measured Photosynthetically Active Radiation 140 

(PAR) (Bugbee and Salisbury, 1988) at the top of each column (Fig. A.3). The plants were 141 

watered every week with deionized water. Green morphs of A. chlorotica (Satchell, 1967) were 142 

collected from the same site as the test soils by hand sorting of the soil. In the laboratory, active 143 

adult earthworms were selected, washed with deionized water and acclimatized to laboratory 144 

conditions in containers of the same soil as that used in the experiment. After three days at 15 °C 145 

in darkness, active earthworms were rinsed, dried with tissue paper and weighed. Eight 146 

earthworms of approximately the same total mass (2.32 ± 0.18 g, n = 24) were added to each 147 

earthworm treated column giving an abundance equivalent to 400 ind m-2. Although this seems 148 

high it is comparable to abundances found in the fields where the soils were collected. 149 

Earthworm abundances in the fields were 757.5 ± 426.2 ind m-2 in pasture, 673.6 ± 326.9 ind m-2 150 

in field margins and 325.5 ± 254.7 ind m-2 in the arable soils with up to 68.8% of the total adult 151 

abundance comprising endogeic earthworms, of which A. chlorotica was the dominant species 152 

(Holden et al., 2019). A surface application of 10 g adult-1 month-1 milled (< 1 mm) and rewetted 153 

oven dried horse manure was added to each column as an additional food source (Butt and Lowe, 154 

2011). The columns were established in four replicates for each soil in an orthogonal design with 155 

the presence and absence of A. chlorotica and winter wheat plants as the treatments giving 156 

Wheat (W), Earthworm (E) and Wheat + Earthworm (WE) treatments together with a bare soil 157 

control (C).  158 
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2.2. Measurements 159 

2.2.1. Earthworm and winter wheat biomass  160 

Winter wheat shoots were cut at 0.5 cm above the soil surface at the end of the 161 

experiment and oven dried at 70 °C to constant weight. A. chlorotica were recovered, rinsed in 162 

deionized water, dried with tissue paper and weighed. 163 

2.2.2. Unsaturated and saturated hydraulic conductivity 164 

Water infiltration rates were measured using a Decagon Mini Disk Portable Tension 165 

Infiltrometer (Decagon Devices Inc, 2016) until steady-state flow was reached. Measurements 166 

were made at supply tensions of – 6 cm, -3 cm and -1 cm which according to capillary theory are 167 

equivalent to water flow through pore diameters of < 0.5 mm, < 1 mm and < 3 mm respectively. 168 

The disc infiltrometer was placed on a layer of fine moist sand applied to the soil surface to 169 

improve the hydraulic contact between the disc and the soil (Reynolds and Elrick, 1991) and 170 

measurement was started at the lower tension to avoid hysteresis effects (Baird, 1997). Boundary 171 

effects due to the extension of the saturation front below the infiltrometer will have been 172 

minimal given the relative diameters of the mini disk infiltrometer and the soil columns together 173 

with the relatively small volume of water used in the infiltrometer (Bordoloi et al., 2019). 174 

Unsaturated hydraulic conductivity (K) at different tensions was derived from cumulative 175 

infiltration measurements following the Van-Genuchten Zhang transient method as proposed by 176 

Zhang (1997). The saturated hydraulic conductivity (Ks) was calculated using the Reynolds and 177 

Elrick (1991) method that requires cumulative water flow measurements under two or more 178 

applied tensions.  179 
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Hydraulic conductivities were measured after 3, 9 and 16 weeks of the experiment. The 180 

measurements during the experiment (weeks 3 and 9) were made in a controlled temperature 181 

room at 15 °C whilst those at the end of the experiment (week 16) were made in the laboratory at 182 

20 °C. All the estimated hydraulic conductivities from the controlled temperature room were 183 

adjusted to a standard temperature of 20 °C to account for viscosity differences (Levy et al., 184 

1989). 185 

2.2.3. Partitioning flow between different pore classes 186 

The proportion of water flow through different pore size classes and the percent of soil 187 

volume accounting for that proportion were calculated based on Watson and Luxmoore (1986). 188 

Soil pore classes are not uniformly defined in the literature (Luxmoore, 1981), but here we 189 

define macropores as pores > 1 mm (Germann and Beven, 1981; Holden, 2008; Luxmoore, 190 

1981). Therefore, we defined smaller and larger macropores as pores of 1 – 3 mm and > 3 mm 191 

diameter respectively. Micropores and mesopores were defined as pores < 0.5 mm and in the 192 

range 0.5 - 1 mm diameter respectively.  193 

2.2.4. Soil water release curves (SWRC) 194 

SWRC determinations are extremely time consuming, therefore measurements were 195 

restricted to the loam soil, since earthworms are typically more active in this soil texture 196 

(Jongmans et al., 2003). One soil core of 250 cm3 (5 cm height x 8 cm diameter) was collected 197 

from the surface of each column and analyzed up to pF = 3 using a HYPROP device (UMS, 198 

Munchen, Germany) based on the simplified evaporation method (Peters et al., 2015; Schindler 199 

et al., 2010). For the very dry end of the SWRC, we measured the relative humidity of a soil 200 

sample at equilibrium with potassium carbonate at a matric potential (ψm) of -115 331 KPa. 201 
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Using HYPROP-FIT software, the HYPROP measurement campaigns were modeled and 202 

adjusted using the measured Ks and K at different tensions. The SWRC were then fitted to our 203 

data and hydraulic function parameters were generated using the Van Genuchten (1980) model.  204 

2.2.5. Water holding capacity (WHC) and percentage water stable aggregates (%WSA)  205 

WHC was measured following the ISO 11268-2:1998 method on 5 cm high x 8 cm diameter 206 

cores collected from the surface of the columns. The samples were saturated for 24 hours, 207 

drained for 48 hours and then the water content was measured by drying the samples at 105°C 208 

overnight. Four grams of 1-2 mm air-dried soils were added into 250 µm sieves to measure the 209 

%WSA using bespoke wet sieving equipment (Eijkelkamp, Agrisearch Equipment). The 210 

aggregates were pre-moistened for 10 minutes and wet sieved by raising and lowering into the 211 

underlaying water at a rate of 34 times per minute for 3 minutes. The remaining stable 212 

aggregates in the sieves were then broken up using sodium hexametaphosphate in order to 213 

correct the %WSA for the mass of sand >250 µm. The %WSA was calculated as the weight of 214 

water stable aggregates divided by the sum of the weights of the unstable and water stable 215 

aggregates (Kodešová et al., 2009).  216 

2.3. Statistical analysis 217 

The change in hydraulic conductivity with time was tested using two-way mixed ANOVA. 218 

This was applied to each soil in turn with time and treatment as factors. Data were log-219 

transformed to achieve homogeneity of variance when required. Repeated factor (measurement 220 

at different time points) effects were tested for their sphericity and the Bonferroni method was 221 

chosen for pairwise comparisons. Tukey's honestly significant difference (HSD) procedure was 222 

used for pairwise comparisons between factors. At the end of the experiment ordinary two-way 223 
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ANOVA was used to analyze the interaction effect between soil textures and treatments for 224 

hydraulic conductivities and the other measured parameters. SPSS (IBM Corp. Released 2016, 225 

version 24) software was used to estimate the statistical significance of mean differences 226 

between treatments. P values of < 0.05 were used as the threshold for significance. In this paper 227 

median, minimum and maximum values are presented for directly measured parameters as we 228 

make the assumption that the number of replicates (n = 4) are insufficient to describe the 229 

variation of the data about a mean.  230 

3. Results  231 

3.1. Earthworms biomass 232 

All A. chlorotica from the columns were recovered at the end of the experiment except for 233 

one missing earthworm in one replicate of the E treatment of the L soil and two missing 234 

earthworms in one replicate of the E treatment of the SiL soil. Within other replicates of the 235 

same treatment and soil, additional juvenile earthworms were found; one in the L soil and four in 236 

the SiL soil. Earthworms were distributed throughout the columns (from 5 cm deep to the bottom 237 

of the column) and their casting behavior made the soil surface rough; the roughness was more 238 

pronounced in the absence of plants. Earthworm biomass decreased between the start and the end 239 

of the experiment in L and SiL soil (Table 2). In the SaL soil, the A. chlorotica weight increased 240 

significantly with time in both the E and WE treatments. Unlike anecic earthworms that feed at 241 

the surface on decaying organic matter A. chlorotica is an endogeic earthworm and feeds by 242 

consuming soil. Although horse manure was added to the soil surface to feed A. chlorotica, the 243 

earthworms still lost weight over the duration of the experiment except in the sandy loam (SaL) 244 

soil which has the highest organic matter content and therefore presumably more available food. 245 
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 246 

Table 2 A. chlorotica total weight in g at the start and end of the experiment for the different soil textures 247 

and treatments. WE = Soil with winter wheat and A. chlorotica, E = Soil with A. chlorotica (n = 4). L = 248 

Loam soil, SiL = Silty loam, SaL = Sandy loam (values in the same row of the same treatment bearing the 249 

same letter were not significantly different at the 5% significance level). 250 

Soil 
texture Treatments Initial earthworm weight (g) Final earthworm weight (g) 

Median Min Max Median Min Max 

L 
WE 2.42a 2.12 2.86 2.24a 2.18 2.73 

E 2.21a 2.11 2.48 2.08a 1.81 2.18 

SiL 
WE 2.35 a 2.15 2.60 2.39a 2.25 2.55 

E 2.30a 2.11 2.39 1.98a 1.85 2.43 

SaL 
WE 2.33a 2.14 2.56 2.75b 2.49 2.88 

E 2.25a 2.16 2.35 2.51b 2.31 2.68 

3.2. Wheat Biomass 251 

No signs of stress were observed on the shoots during the growth of the plant or on the roots 252 

at the end of the experiment. Plant dry matter biomass was greater in the WE than W treatments 253 

(p < 0.001, Fig. 1) whilst the highest values were obtained for the SaL soil. The dry biomass was 254 

lowest in the SiL soils (p < 0.001) of both the W and WE treatments but was not significantly 255 

different between the L and SaL soils. There was no significant interaction between treatments 256 

and soil textures.  257 
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 258 

Fig. 1. Median winter wheat shoot dry matter biomass for the wheat (W) and wheat and A. chlorotica 259 

(WE) treatments for the loam (L), the silt loam (SiL) and the sandy loam (SaL) soils (n = 4, error bars = 260 

max and min values). Capital letters in bold over columns (A, B) refer to statistical differences between 261 

soils. Cyrillic symbols (ф, б) refer to statistical differences for the W treatments between soils. Greek 262 

symbols (α, β) refer to statistical differences for the WE treatments between soils. Lowercase letters on 263 

columns (a, b) refer to statistical differences between treatments (W and WE) for each soil type. Columns 264 

with the same letter or symbols over them are not significantly different.  265 

3.3. Percentage water stable aggregates  266 

The %WSA varied significantly between soil textures and treatments (p < 0.001) (Fig. 2). The 267 

SaL soil samples had significantly higher %WSA than the other two soil textures (p < 0.001). 268 

Between treatments, soil from the planted columns (W and WE treatments) had a higher %WSA 269 

than unplanted (C and E) treatments with the %WSA being lowest in the controls and greatest in 270 

the WE treatments (Fig.2). There was a synergistic interaction in the SaL soil (increases in WE 271 

were greater than the sum of increases in the W and E treatments) and additive effects in the L 272 
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and SiL soil (increases in WE were equal to the sum of increases in the W and E treatments) 273 

compared to the W or the E treatments alone (Table A.1). Within unplanted columns of the SiL 274 

soil, A. chlorotica addition resulted in higher %WSA compared to the control. In L and SaL 275 

soils, the %WSA was not significantly different between control and the E treatment. 276 

 277 

Fig. 2. Median percentage water stable aggregates by tested treatments and for the L (loam), the SiL (silt 278 

loam) and the SaL (sandy loam) soils. Letters refer to the four treatments, C (control), W (Soil + Wheat), 279 

E (Soil + Earthworms), WE (Soil + Wheat + Earthworms). (n = 4, error bars = max and min values). 280 

Capital letters in bold over columns (A, B) refer to statistical differences between soils. Phonetic symbols 281 

(ᴖ, ᴥ, ᴗ) refer to statistical differences for the Control treatments between soils. Cyrillic symbols (б) refer 282 

to statistical differences for the W treatments between soils. Hebrew symbols (ր) refer to statistical 283 

differences for the E treatments between soils. Greek symbols (α, β) refer to statistical differences for the 284 

WE treatments between soils. Lowercase letters on columns (a, b, c, d) refer to statistical differences 285 

between treatments (C, W, E and WE) for each soil type.  Columns with the same letter or symbols over 286 

them are not significantly different.  287 
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3.4. Soil water flow 288 

3.4.1. Changes in Ks over time 289 

Ks varied with soil texture, treatment and time (Fig. 3). For each soil texture, and taking all 290 

treatments into account, there was a significant increase in Ks with time (p < 0.05); Ks was lowest 291 

at 3 weeks, intermediate at 9 weeks and highest at 16 weeks. These increases were largely driven 292 

by increases in the E and WE treatments. Ks between treatments was significantly different (with 293 

controls being always the lowest, the WE treatments the greatest and the W and E treatments 294 

being intermediate) (p < 0.001); the changes in Ks over time varied between treatments (p < 295 

0.001). Increases in Ks were highest in the WE treatments and were greater than the sum of the 296 

increases in the W and E treatments by week 16 (Table 3). For the L soil, by week 3, Ks in the E 297 

and WE treatments was greater than that of the controls (p < 0.05) (Fig. 3). By 9 weeks, the Ks in 298 

the WE treatments for all the soils was much higher than that in all the other treatments. By the 299 

end of the experiment all the treatments showed significantly higher Ks than the controls (p < 300 

0.05); the Ks in the E and WE treatments were significantly higher than in the W treatments (p < 301 

0.01) and had the greatest increase (p < 0.01), with the WE values being greater than the E 302 

values. There was no significant change in Ks for the controls of each soil type over time (Fig. 3). 303 

SaL soils had the highest, and SiL the lowest, value of Ks (p < 0.01). 304 



18 
 

 305 

 306 
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 307 

Fig. 3. Median hydraulic conductivity, Ks, over time at saturated conditions in (a) the L soil (loam), (b) 308 

the SiL soil (silt loam) and (c) the SaL (sandy loam) soil. Letters refer to the four treatments, C (control), 309 

W (Soil + Wheat), E (Soil + Earthworms), WE (Soil + Wheat + Earthworms). (n = 4, error bars = max 310 

and min values). Capital letters in bold over columns (A, B, C) refer to statistical differences across time 311 

between treatments. Lowercase letters on columns (a, b, c) refer to statistical differences overtime (3, 9, 312 

and 16 weeks) for each treatment. Columns with the same letter over them are not significantly different.  313 
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 314 

Table 3. Mean hydraulic conductivity, Ks (cm day-1), at saturated conditions at the end of the experiment for the L soil, SiL and the SaL soils. The 315 

values for the Control treatments are those reported in Fig. 3. The values for the W, E and the WE treatments are calculated as the values reported 316 

in Fig. 3 but with the Control values subtracted; the Control treatments were subtracted to determine the value of Ks due to the effect of 317 

earthworms or plants and whether earthworms or plants have synergistic or additive effects on soil Ks . WE – (W + E)  > 0 indicates a synergistic 318 

effect. 319 

Soil 

textures 

Treatments Sum of separate effect of 
W and E  

Synergistic/additive 
effect 

C W E WE  W + E  
 WE – (W + E) 

L 46.23 90.24 279.66 520.31 369.90 150.41 
SiL 11.92 35.82 149.06 397.70 184.88 212.83 
SaL 43.89 206.86 1299.04 1663.14 1505.91 157.24 

 320 
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3.4.2. Changes in K over time 321 

For each soil the K at -1 cm water tension (K-1) increased significantly across time (p < 0.05) 322 

and varied significantly between treatments (p < 0.001) ( Fig. 4). There was also a significant 323 

interaction between treatments and time for each soil (p < 0.001). K-1 showed no significant 324 

change with time in the control treatments. By the end of the experiment a significantly greater 325 

amount of water flowed through the < 3 mm diameter pores for each treatment compared to the 326 

control for each of the soils (Fig. 4). Flow rates were highest (p < 0.01) in the WE treatments 327 

(81.6, 30.2 and 210.3 cm day-1 in L, SiL and SaL soils respectively). K-1 was also significantly 328 

greater in the E and W treatments than in the controls, except for the W treatment in the L soil. 329 

The results of water flow for each soil at -3 and -6 cm water tension (K-3, K-6) are reported in the 330 

supporting information section (Fig. A.6, Fig. A.7). These results indicate that water flow 331 

through pores < 1 mm and < 0.5 mm diameter was variable depending on the treatment and the 332 

soil texture. 333 

 334 
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 335 

 336 

Fig. 4 Median hydraulic conductivity over time at a water tension of – 1 cm in (a) the L soil, (b) the SiL 337 

soil and (c) the SaL soil. Letters refer to the four treatments, C (control), W (Soil + Wheat), E (Soil + 338 

Earthworms), WE (Soil + Wheat + Earthworms). (n = 4, error bars = max and min values). Capital letters 339 

in bold over columns (A, B, C, D) refer to statistical differences across time between treatments. 340 

Lowercase letters on columns (a, b, c) refer to statistical differences overtime (3, 9, and 16 weeks) for 341 

each treatment. Columns with the same letter over them are not significantly different.  342 

 343 
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3.4.3. Pore size class contribution to water flow 344 

The percentage of flow occurring in larger macropores (> 3mm diameter) increased gradually 345 

with time in all soil textures and treatments (p < 0.05) (Fig. 5, Fig. A.8). However, pairwise 346 

comparisons showed that between week 3 and week 16 the increase in percentage flow through 347 

these pores was only significant in the E and WE treatments for the L and SaL soils. The 348 

dominance of flow through the larger macropores was reached earlier in the experiment (by 349 

week 9) in the WE treatments, though percentage flow through these pores had not increased 350 

further by the end of the experiment (data reported in the Supporting Information section, Fig. 351 

A.8). In the control treatments, there were no significant changes across time in the proportion of 352 

water flow through the different pore size classes. 353 

The proportion of water flowing through the different pore size classes was also significantly 354 

different between treatments (p < 0.01) for each soil except for smaller macropores (1 – 3 mm 355 

diameter) in the SaL soils. A higher proportion of flow through larger macropores occurred in 356 

the WE and E treatments (88.51 ± 3 % and 88.56 ± 4 % respectively; Fig. 5) than in the W and C 357 

treatments (70.41 ± 9.9 % and 46.24 ± 21.8 respectively %) (p < 0.05). In all treatments, pores < 358 

1 mm diameter contributed less to water flow compared to wider pores except for in the controls 359 

(Fig. 5). 360 
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 361 

Fig. 5. Pore size class contribution to water flow at the end of the experiment (16 weeks burrowing) for 362 

the four treatments, C (control), W (Soil + Wheat), E (Soil + Earthworms), WE (Soil + Wheat + 363 

Earthworms) and three soils (L = loam, SiL = silt loam and SaL =sandy loam). Pore size class 364 

contribution to water flow at weeks 3 and 9 are reported in Fig. A.8. 365 

3.5. Soil water release curves (SWRC) 366 

The volumetric water content of the L soil averaged across different treatments was 367 

significantly different at different applied water potentials (pF) (Fig. 6). Pairwise comparison 368 

shows that at saturation the water content was significantly higher in the W, E and WE 369 

treatments compared to the control. The highest water content was in the E treatment (p < 0.001). 370 

Water content at field capacity was measured at potentials of 1.8 and 2.5 corresponding to 371 
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shallow (< 1 m) and deep (> 1 m) water tables (Kirkham, 2005; Pertassek et al., 2015). Under 372 

these conditions only the E treatment showed a significantly higher water content than the 373 

control at both potentials (p < 0.01). The WE treatment only had a significantly higher water 374 

content at pF 1.8 (p = 0.05 for pF 1.8 and p = 0.07 at pF 2.5). There were no significant 375 

differences between treatments in plant available water (p = 0.081) but this could well reflect the 376 

lower accuracy of Hyprop measurements in the dry area of the curve where results are modelled 377 

extrapolations from the wet area of the curve.  378 

 379 

Fig. 6. Water release curves fitted to the measured data using the Van Genuchten (1980) model. The 380 

curves represent the four treatments, C (control), W (Soil + Wheat), E (Soil + Earthworms), WE (Soil + 381 

Wheat + Earthworms), for the L (loam) soil. Three replicates were combined for each treatment using 382 

Hyprop-Fit models. Standard deviation bars are shown. 383 
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3.6. Water holding capacity  384 

The WHC was significantly different between treatments and soil textures (p < 0.001) but the 385 

treatment effects were similar across the soil textures. Plant roots and A. chlorotica activity both 386 

had a significant impact on soil WHC of the 0-5 cm topsoil. The W and WE treatments had 387 

higher WHC than the controls. The highest values were obtained for the WE, relative to C, W 388 

and E treatments, but were only significantly higher for the SiL and SaL soils (Fig. 7). The 389 

increases in WHC in the WE treatments were additive relative to the increases in both the W and 390 

the E treatments for each soil texture (Table A.3). Pairwise comparisons indicate that the SaL 391 

soils had the greatest WHCs (p < 0.001). 392 

 393 

Fig. 7. Median water holding capacity for the L (loam), the SiL (silt loam) and the SaL (sandy loam) soils 394 

and the four treatments, C (control), W (Soil + Wheat), E (Soil + Earthworms), WE (Soil + Wheat + 395 

Earthworms). (n = 4, error bars = max and min values). Capital letters in bold on columns (A, B, C) refer 396 

to statistical differences between soils. Phonetic symbols (ᴖ) refer to statistical differences for the Control 397 

treatments between soils. Cyrillic symbols (б, ф) refer to statistical differences for the W treatments 398 

between soils. Hebrew symbols (ր, ջ) refer to statistical differences for the E treatments between soils. 399 
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Greek symbols (α, β, γ) refer to statistical differences for the WE treatments between soils. Lowercase 400 

letters on columns (a, b, c) refer to statistical differences between treatments (W and WE) for each soil 401 

type. Columns with the same letter or symbols over them are not significantly different.  402 

4. Discussion 403 

4.1. Wheat shoot biomass  404 

As has been observed in many studies (Bertrand et al., 2015; Hallam et al., 2020; Laossi et al., 405 

2010), the presence of A. chlorotica increased plant shoot biomass significantly across all soil 406 

textures (p < 0.001, Fig. 1). Increases in plant biomass in the presence of earthworms are 407 

attributed to increasing N mineralization, K availability in soils and soil microbial activity 408 

(Andriuzzi et al., 2015; van Groenigen et al., 2014). However, the increases may also be due to 409 

abiotic properties (van Groenigen et al., 2014), at least in part as our findings show, to the 410 

increase in WHC in the E and WE treatments compared to earthworm-absent treatments (Fig. 7) 411 

(Hallam et al., 2020) as increases in WHC can lead to increased plant growth (Farrell et al., 412 

2012).  413 

4.2.  Soil water flow  414 

Both earthworms and plant roots affect soil structure and macroporosity and shape soil 415 

hydraulic properties (Fischer et al., 2014; Hallam et al., 2020). The Ks of the E treatments was 416 

greater than that of the W treatments and the Ks of the WE treatments after 16 weeks were 417 

factors of 4, 9 and 7 greater than those in the W treatments for L, SiL and SaL respectively. 418 

These increases in Ks (which incorporates flow through all pores) (Fig. 3) and in flow through < 419 

3 mm diameter pores (-1 cm water tension) (Fig. 4) in the E and WE treatments for all the soils 420 
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suggests that the A. chlorotica earthworms play a key role in water flow through their effect on 421 

soil structure. The change in structure is reflected in the increased %WSA due to earthworm 422 

activity (Fig. 2). Similar trends in Ks and flow through < 3mm diameter pores are reported in the 423 

literature both for earthworms in general (Becher and Kainz, 1983; Edwards and Bohlen, 1996; 424 

Hopp and Slater, 1948) and specifically for endogeic earthworms (Ela et al., 1992; Ernst et al., 425 

2009; Joschko et al., 1992). Whilst differences in experimental design prevent direct comparison 426 

with the studies cited above, our orthogonal design shows that the increases in Ks in the WE 427 

treatments relative to the W and E treatments resulted from a synergistic interaction and were 428 

higher than the increases seen in previous studies of similar duration and comparable earthworm 429 

densities when response to the presence of only plants or earthworms relative to a control were 430 

considered (Ernst et al., 2009; Fischer et al., 2014).  431 

Although the flow through the < 3mm pores increased in the W and WE treatments (Fig.4), 432 

the actual % of total flow through these pores decreased, with more of the flow being 433 

concentrated through the > 3mm diameter pores (Fig. 5) despite them occupying only 0.0028% 434 

of the total soil volume (Fig. 5). Such low volumes are typical of both agricultural (e.g. Azevedo 435 

et al., 1998) and forest (e.g. Watson and Luxmoore, 1986) soils. The reduced percentage of total 436 

flow through the smaller diameter pores is most likely because water will flow preferentially 437 

through the coarser pores created by the earthworms (their burrows) and plant roots (biopores). 438 

However, it may also be the case that the forces involved in creating these coarser pores led to 439 

loss of smaller pores as soil particles are pushed together during earthworm burrowing (Becher, 440 

1994; Bodner et al., 2014). This in itself may explain the slightly higher percentage contribution 441 

to water flow through smaller pores in the W treatments relative to the E and WE treatments. 442 

However, this may also be due to an increase in smaller pores in this treatment around plant roots 443 
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and rootlets. The proportion of flow through the > 3mm pores was similar between the E and WE 444 

treatments (and greater than in the W treatments) despite the Ks at the end of the experiment 445 

being greater for the WE treatments (Fig. 3). This shows both the significant role of larger 446 

macropores in the flow of water through soil, and the relative importance of earthworms and 447 

plants in the development of such pores.  448 

Typically, flow rates are low for unstructured soils (Kodešová et al., 2009). Our study showed 449 

similar outcomes and therefore, the high values of Ks for the E and WE treatments relative to the 450 

control may, in part, be due to the comparison between worked soil treatments and a control with 451 

an unstructured soil sieved to < 2 mm at the beginning of the experiment. This is consistent with 452 

the extreme findings of Hoogerkamp et al. (1983) who recorded an 118 to 136 times increase in 453 

water infiltration in the presence of earthworms in Dutch polders when compared to unstructured 454 

soil reclaimed from the sea. While some of the hydraulic conductivity values we have found may 455 

appear very high (e.g. > 1000 cm day-1 in the E and WE treatments of SaL soil at the end of the 456 

experiment), they are still orders of magnitude lower than typical rates of overland flow (Bouma, 457 

1982). However, since heavy rainstorms in the UK rarely exceed 35 mm day-1 with the rainfall 458 

being concentrated in a shorter time period (Friederike et al., 2018), the high hydraulic 459 

conductivities (Fig. 3) in the earthworm-present treatments (> 95 cm day-1) at the end of the 460 

experiments relative to bare soils (mean of 34 ± 17 cm day-1) suggest that earthworms could 461 

substantially reduce infiltration-excess overland flow. However, this requires further 462 

investigation as the extrapolation of results obtained from the impacts of earthworm activity in a 463 

restricted volume of soil over a 16 week period to the field scale is not straight forward.  464 
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4.3.  Soil water content  465 

The earthworm-present treatments (E and WE) showed a high volumetric water content 466 

compared to earthworm-absent (W and C) treatments at saturation (Fig. 6) reflecting the increase 467 

in pore volume due to earthworm burrowing activity and the relatively lower impact of plant root 468 

growth on soil porosity. Endogeic earthworms produce burrows that are more sinuous than those 469 

produced by other ecotypes (Ernst et al., 2009). Sinuous burrows will create more pore volume 470 

for water storage than straight burrows that traverse the same soil volume. Surface casting was 471 

more pronounced in the E treatment than when plants were present. This is most likely related to 472 

the availability of food; in this experiment food in the form of manure was added to the soil 473 

surface but, in the WE treatments, A. chlorotica may have been able to feed in the root zone 474 

where conditions are more favorable (see A. chlorotica biomass gain in Table 2). The casts may 475 

help hold water through the creation of porous aggregates or by the high swelling hygroscopic 476 

manure remains in the egested casts (Smagin and Prusak, 2008) and therefore increase the water 477 

content at saturation.  478 

At field capacity, the soil in the E and WE treatments had a higher water content than that in 479 

the earthworm-absent treatments whereas measured water holding capacity was greater in the 480 

WE and W treatments than the control. The lack of a significant difference between the C and E 481 

treatment water holding capacity was due to the L soil where the E treatment had only a slightly 482 

higher water holding capacity than the C treatment; for the other soils E treatments had 483 

significantly higher values than the controls. Both field capacity and water holding capacity are 484 

measures of water held in soil against gravity due to capillary and adsorption forces and as such 485 

the variation between the field capacity and water holding capacity trends was unexpected. 486 

Whilst the variation may reflect differences in pore size distributions, and hence the forces 487 
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holding water in those pores, associated with the E and W treatments, differences are most likely 488 

down to the different methods used to measure the field capacity and water holding capacity. The 489 

growth of plant roots will produce pores and also enhance soil aggregation by the excretion of 490 

exudates (Doussan et al., 2015); similarly, earthworm burrowing will increase porosity; their 491 

casting enhances soil aggregation and the compressive forces that occur whilst they burrow push 492 

the soil particles together creating micropores that hold water (Kuan Teng et al., 2012; Larink et 493 

al., 2001). All of these factors will result in increased water retention by the soil.  494 

4.4. Variation between soil types 495 

In addition to the variation between treatments, there were variations between the three soils 496 

which appear to have been related to differences in their texture and organic matter content. In 497 

the WE treatments (but not in the W treatments), shoot dry biomass was highest in the SaL soil. 498 

The SaL soil contains more organic matter than the other soils (Table 1) and accelerated 499 

breakdown of this due to earthworm processing (Lavelle et al., 1998) may have led to a greater 500 

availability of nutrients. The higher organic matter content of the SaL soil is also most likely 501 

responsible for its generally higher WHC than the other soils due to a combination of the 502 

presence of micropores in the organic matter, increased aggregation associated with higher 503 

organic matter contents and ingestion and mixing of the organic component of the soil by 504 

earthworms leading to the formation of more hydrophilic coatings on inorganic soil components 505 

(Dal Ferro et al., 2012; Tang et al., 2016). The higher water flow through the SaL soil compared 506 

to the L and SiL soils is explained by the higher %WSA of the SaL soil (Fig. 2) (itself a function 507 

of its higher organic matter content) and also its coarser texture which will have also contributed 508 

to a higher soil porosity. 509 
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4.5. Research limitations 510 

A valid practical concern, common to all column studies with horizontally burrowing 511 

earthworms, is that our chosen column diameter limits the horizontal range available for 512 

earthworm movement. For a reported A. chlorotica burrowing rate of 22 cm week-1 (Capowiez et 513 

al., 2014b), and assuming a single direction of travel, columns should have a diameter > 22 cm 514 

per week of experiment to avoid this constraint. In reality this is not practical and as with all 515 

laboratory experiments our design is a compromise between practicalities and realism, designed 516 

to test specific hypothesis to help inform our understanding of field systems. We have used 517 

similar column diameters to other insightful studies (e.g. Capowiez et al. 2014a, 2015; McDaniel 518 

et al. 2015), some of which, have run for similar lengths of time but with higher earthworm 519 

densities. Further, the level of replication in our experiments (four) is greater than that found in 520 

many experiments from which ecologically relevant information has been derived (e.g. 521 

Capowiez et al. 2014b; Ernst et al. 2009; Scholl et al. 2014). A. chlorotica feeds within the soil 522 

but, recognizing the long duration of our experiment we felt it appropriate to supply additional 523 

food to the earthworms (Butt and Lowe, 2011). The manure was not mixed into the soil as this 524 

would have impacted on the soil properties we wished to study. By the end of the experiment 525 

surface casting was visible in our earthworm-present treatments (Fig. A.4). This may be a 526 

consequence of food limitations in the column driving unusual behaviour in the A. chlorotica and 527 

/ or a function of earthworm abundance. Nonetheless, despite these caveats, we argue that our 528 

experiment provides useful insights into the impacts of the interactions between lateral 529 

burrowing earthworms, plants and soil hydrologic properties.  530 
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5. Conclusion 531 

Our results support previous findings (e.g. van Groenigen et al., 2014) that the presence of 532 

earthworms increases plant growth. The increase in growth can in part be explained by 533 

earthworm-induced increases in %WSA and WHC leading to increased water storage. Thus, our 534 

study shows that there would be advantages both in terms of water retention in the topsoil and 535 

plant growth if land management practices that increase earthworm numbers, such as minimum 536 

till, are adopted (Chan, 2001; Spurgeon et al., 2013). 537 

Plants alone also increase %WSA and WHC but we observed a positive feedback in which the 538 

increased plant growth in the presence of earthworms resulted in a synergistic increase in soil 539 

properties such as soil hydraulic conductivity. However, soil texture and its organic matter 540 

content moderated the magnitude of these effects. The high organic matter content in SaL soil 541 

contributed to its higher %WSA and WHC relative to the L and SiL soils. In turn, the high 542 

%WSA together with the coarser texture of SaL resulted in higher rates of water flow compared 543 

to the other soil textures. 544 

When investigating the effects of soil organisms, plant or animal, on soil hydrology, it is 545 

important to consider their combined effect, together with soil properties such as texture and 546 

organic matter content in order to ensure that results are field relevant. Further experiments, 547 

ideally using manipulated, field based mesocosms, are now required to determine the full impact 548 

of earthworm-plant synergisms in the field.  549 

 550 
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