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Abstract: Root growth through biopores is facilitated by low mechanical impedance and nutrient 

enrichment due to the deposition of organic material at the biopore sheath. Plant roots and 

earthworms impact biopore sheath properties differently. However, the literature lacks a 

quantitative study of the root distribution within the sheath of pores, which were originated by 

taproots or earthworms. According to previous literature on pore connectivity, it can be 

hypothesized that precrops encourage root growth into the biopore sheath in comparison to an 

earthworm characterized sheath. A pot experiment was performed to compare the root distribution 

of spring oilseed rape (Brassica napus L.) and faba bean (Vicia faba L.) within the biopore sheath of 

two different biopore types. The biopore sheath was characterized by taprooted chicory (Cichorium 

intybus L.) or anecic earthworm (Lumbricus terrestris L.). Roots were sampled at the biopore lumen 

and at lateral distances of 0–2, 2–4, 4–8 (sheath) and 20–36 mm (bulk soil) from the biopore wall 

surface. In both pore types >50% of the root length (cm) and >70% fine roots of oilseed rape were 

found in a comparatively small soil area (Lumen + 2 mm). On the contrary, faba bean grew primarily 

through the bulk soil with >75% root length and rarely into the biopore sheath in both pore types. 

In both species there was a lateral decrease of the total nitrogen (Nt)-content from biopore wall 

(Mean ± SE: 0.061% ± 0.002%) to bulk soil (0.053% ± 0.002%), but no significant difference between 

the pore types. The results of the current study illustrate that the root growth of spring oilseed rape 

and faba bean was not encouraged by the precrop in comparison to the earthworm characterized 

sheath. 

Keywords: allorhizous root system; biopore sheath; biopore type; root diameter; root-length-

density 

 

1. Introduction 

Biopores are predominantly formed by earthworms and plant roots. Large-sized 

biopores (diameter >5 mm) are cylindrical shaped continuous macropores found in 

untilled soil layers. In the field, roots and earthworms may interact when forming those 

pathways, or they may occupy them alternately, but both influence the properties [1,2]. 

In studies on large-sized biopores the effect on root growth within the sheath has not been 

considered. However, based on the characteristics of the sheath, root-soil contact can be 

encouraged or diminished. This can be important for nutrient acquisition. 

There is already documentation in the literature about the biological, chemical and 

physical properties of the soil around biopores (sheath), which is different compared to 

the macropore uninfluenced soil (bulk soil) (e.g., [3]). However, the spatial extent of the 

biopore sheath varies. For instance, the pore surrounding soil area defines the sheath, 

which contains 80% of macropore related roots [4]. According to its physical properties, 

the sheath was found as a concentric area around the macropore with a higher bulk 

density up to 2.2 cm in radius compared to bulk soil [5]. Previous studies on biochemical 

properties in biopores found a higher content of macronutrients, accumulation of organic 
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material, and a higher microbial and enzyme activity at the biopore wall and sheath [6–

8]. The elevated nutrient enrichment occurs in regions from 0 to 8 mm in the sheath [3,7,9–

12]. Furthermore, biopores have a higher exchange of gas and air [13], and less mechanical 

impedance for roots due to the air-filled lumen. These advantageous properties can allow 

for plant roots to bypass compacted soil layers [14]. Biopores are considered as 

preferential pathways for roots [14] when reaching water in deeper soil layers during dry 

spells [15], as well as reaching deeper soil layers faster [16]. It may help plants to find 

nutrients, when the topsoil is nutrient depleted [17,18]. This is important, especially in 

organic farming systems, where nearly closed nutrient-cycles are sought. 

Root-soil contact is crucial for nutrient acquisition from the solid soil phase. Thus, in 

biopores where the pore diameter can be several times larger than the root diameter, root-

soil contact will be established at the biopore wall and by roots entering the sheath. The 

ease of entering biopore sheath is influenced by rewetting-drying cycles regarding 

anchorage at pore wall [19], bulk density [20], and presumably by lateral pores, which 

may have been formed by precrops [13,21,22]. Precrops, such as lucerne (Medicago sativa 

L.) or chicory increased biopore density [23,24], and root-length-density (RLD) [25] or 

shifted the root diameter [26] of the subsequent crop. Furthermore, roots were observed 

following precrop pathways [21], entering the biopore wall [27] and were located within 

the sheath [28]. Due to sheath growth, it can be assumed that roots leave lateral pores after 

their decay and therefore promote root growth along the biopore sheath. Earthworms 

instead might hinder root growth into the sheath due to a reduced porosity [29] and 

disconnected lateral pores [30] in the biopores sheath after earthworm activity. Hence, a 

homogenous arrangement of soil particles [5] in combination with mucus and linings of 

earthworms [9] could impede root growth, because of axial resistance [31]. At the same 

time, earthworm casts lead to an enrichment of plant-available nutrients particularly at 

the initial millimeters of the sheath by adding their linings at the biopore wall [8,32]. That 

on the other hand can promote root growth, especially the growth of fine roots [33]. It can 

therefore be suggested that roots growing through worm type pores are located at biopore 

walls rather than at the sheath of 0–8 mm distance from macropore. 

Root growth through biopores appears to be of varying importance for different root 

systems [16] or plant species [34] and is influenced by soil compaction and moisture 

[14,15,35,36]. Perkons [16] found a higher share of allorhizous roots in biopores than in 

homorhizous species. That aligns partly with the results of Athmann et al. [34], who found 

that oilseed rape was most attracted by biopores, followed by both cereal species and 

lastly by faba bean. Faba bean as well as oilseed rape are both reported as reacting 

sensitively to soil compaction [37,38], which in turn would lead to an attraction to 

pathways without mechanical impedance. However, in terms of nutrient supply, Li et al. 

[39] found less root plasticity of faba bean than maize and wheat. Thus, it can be assumed 

that oilseed rape and faba bean react differently to the biopore sheath. 

This study focuses on root and worm type biopore sheaths and their effects on the 

root distribution of two allorhizous crops by investigating the following hypotheses: 

(i) The RLD and the share of fine roots (root diameter ≤0.2 mm) is higher in the biopore 

sheath (0–8 mm) of root type than of worm type biopore,  

(ii) there is a higher RLD of oilseed rape in the biopore sheath than of faba bean, and 

(iii) the decrease of the Nt- and Ct-content is sharper in the worm type than in the root 

type biopore sheath from biopore surface until 8 mm distance from macropore. 

2. Materials and Methods 

2.1. Experimental Setup 

A pot experiment was performed to investigate the root growth of spring oilseed 

rape (Brassica napus L.) and faba bean (Vicia faba L.) in the biopore sheath of two different 

biopore types. The soil columns had a height of 60 cm and a diameter of 10 cm. The soil 

was divided into a topsoil layer of 10 cm and a subsoil layer of 50 cm. The top- and subsoil 
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of a Haplic Luvisol [40] was collected from a field site in Klein-Altendorf near Bonn, 

Germany (50°37′8.5″ N, 6°59′25.4″ E). The topsoil was collected from 5 to 30 cm depth and 

the subsoil from 45 to 105 cm depth. The subsoil was homogenized, sieved ≤2 mm and 

filled into plastic pipes. The soil was compacted with a hydraulic device to a bulk density 

of 1.5 g cm−³. At the beginning of the experiment the soil moisture was adjusted to a water 

content of 18%. One artificial vertical pore with a diameter of 6 mm was formed in the 

center of each column by using an iron rod.  

In the first part of the experiment (Table 1), the columns were either cultivated with 

one individual adult anecic earthworm (Lumbricus terrestris L.) or with one seedling of 

chicory (Cichorium intybus L. ‘Puna’). Chicory was chosen, because of its ability to form 

large-sized biopores, which resulted in higher RLD of the subsequent crops in subsoil [25]. 

The chicory was cultivated for twelve weeks in a greenhouse. The cultivation followed 

natural day and night rhythm, with irrigation adapted to plant growth, a daytime 

temperature of about 20 °C and a nighttime temperature of 16 °C. The earthworms were 

incubated for eight weeks. During the earthworm incubation the columns were kept at 12 

°C (±2 °C). The earthworms were fed with dried chicory (0.7 g per week) and the soil was 

irrigated with 25 mL distilled water every second week. After eight weeks the earthworms 

were removed using a heated water bath. The water bath was kept at 40 °C, until the soil 

column was warmed up to 20 °C. Then the earthworms moved to the soil surface. After 

twelve weeks the chicory growth was stopped by cutting the shoot and treating the root 

with the pesticide ‘Arrat and dash’ (BASF, Ludwigshafen, Germany). The total decay time 

was thirteen months. 

In the second part of the experiment, two crops were cultivated separately. For the 

main crop cultivation the topsoil layer was prepared on top of the subsoil-column. The 

topsoil was filled in a cap and pressed to a bulk density of 1.3 g cm−3. Twelve columns in 

total per crop, i.e., six columns per treatment (earthworm versus root biopore) were 

cultivated with spring oilseed rape ‘Ability’ for six weeks and faba bean ‘Fanfare’ for 

seven weeks. These different durations were dependent on species specific root 

elongation. The main crops were chosen, because both species reacted sensitive to soil 

compaction [37,38], but dispose about different N-foraging strategies. The cultivation was 

proceeded under a natural day and night rhythm and temperature, as well as regular 

irrigation adapted to plant growth. At time of sampling spring oilseed rape was in DC 32–

55 and faba bean in DC 39–59 (BBCH-scale [41]). 

Table 1. Timeline with the different stages of the experiment. 

Year 2018 2019 

Month J F M A M J J A S O N D J F M A M J J A S O N D 

I. Cultivation chicory                         

II. Decay chicory                         

III. Earthworm incubation                       

IV. Cultivation oilseed rape                       

V. Cultivation faba bean                        

At the end of the experiment the shoot biomass was analyzed for nutrient-state of N, 

P, K. For the measurements at the biopores, the subsoil section of a column was divided 

into 4 × 10 cm high sections. The 5 cm-section between the top- and subsoil layer and the 

5 cm-section at the bottom of the column were discarded. The residual 10 cm-sections 

were vertically cut in half. Then the roots were removed from the biopore lumen and the 

sheath was sampled in lateral distances of: 0–2, 2–4, 4–8 mm. The bulk soil was sampled 

in 20–36 mm distance from biopore wall (Figure 1). A newly designed scraping device 

was used for sampling (described in [28]). The diameter of the biopore was measured at 

each section to calculate the biopore volume and the volume of the lateral distances of the 

sheath. With the volume of the sampled area, the RLD can be achieved for the lumen, each 
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lateral distance and the bulk soil. The samples were prepared, scanned and measured as 

described in detail in Petzoldt et al. [28]. 

 

Figure 1. Sampling of the biopore lumen (purple), biopore sheath (green, blue, red) and bulk soil 

(yellow). Lateral distances in [mm] from the pore wall surface. 

2.2. Statistical Data Analysis 

According to Petzoldt et al. [28] the data analyses for spring oilseed rape and faba 

bean were done separately using the packages SAS/BASE and SAS/STAT 14.3 of the 

software SAS 9.4 TS1M5 (2016) (SAS Institute Inc., Cary, NC, USA). With the procedure 

MIXED of SAS/STAT [42] a completely randomized block design with a Linear Mixed 

Model with fixed effects for pore type, lateral distance, depth interval and interaction of pore 

type*lateral*depth, and a random effect of pore was fitted using Restricted Maximum 

Likelihood (REML,[43]). Based on the variance estimates of the Linear Mixed Model, 

multiple mean comparison tests were applied for differences between the levels of the 

lateral distances within each level of depth interval between or within the respective 

biopore type. The adjustment for the multiple comparisons was done by the procedure of 

Tukey’s Honestly Significant Difference (α = 0.05) based on Piepho [44]. Further details 

are described in Petzoldt et al. [28]. The adjustment was done by Dunnett-test [45] in order 

to compare the total nitrogen (Nt)- and total carbon (Ct)-content of the lateral distances 

with the content of the bulk soil (control). 

3. Results 

3.1. Root Distribution 

There was a lateral decrease in the RLD of spring oilseed rape from lumen towards 

bulk soil (Figure 2). The RLD was significantly higher in the lumen compared to the RLD 

within the sheath and the bulk soil. Regarding the biopore sheath the RLD in 0–2 mm 

lateral distance was significantly higher than the RLD in the layer of 2–4 and 4–8 mm 

lateral distance. There was no difference between the biopore types. In every single 

column cultivated with oilseed rape the roots were growing through the pore lumen, 

which was not observed for faba bean. The RLD of faba bean was higher in the lumen of 

both pore types, whereby in worm type the difference between the lumen and sheath (0–

8 mm distance) was significant. There was no difference between the RLD in the sheath 

and bulk soil of both types. Overall, the RLD of faba bean was less than the RLD of oilseed 

rape and the variance of the RLD was higher for faba bean. 
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Spring oilseed rape 

 

Faba bean 

Figure 2. Log10-transformed RLD [cm cm−³] of spring oilseed rape and faba bean in different biopore types (worm type = 

blue; root type = green). Mean and SE of lateral distances. Means not sharing a common letter indicate significant 

differences between lateral distances (Tukey-HSD, α = 0.05); Uppercase letters show differences for worm type and 

lowercase letters for root type. Red lines show the mean of the bulk soil sample for the root ( ) or worm type ( ) 

treatment. 

In the lumen and sheath of worm pores 70–84%, and of root pores 75–89% of oilseed 

rape roots were classified as fine roots (Table 2); followed by diameter class small (worm 

pore: 15–34%, root pore: 10–34%), medium (worm pore: 1–4%, root pore: 0.4–3.5%) and 

coarse (worm pore: 0–2%, root pore: 0–1.5%). Coarse roots were scarcely found in the 

sheath and bulk soil in both biopore types. Small roots were found with a higher share of 

small roots in the sheath of 2–8 mm distance from macropore and bulk soil. In diameter 

class fine, there were differences between lumen, sheath, and bulk soil, with a decreasing 

share from biopore wall to bulk soil. There was no difference in the amount of fine roots 

between root and worm type. The classification of faba bean roots into diameter classes 

was not appropriate due to less root data within the sheath for calculating the mean and 

SE. 

Table 2. Proportion of root length [%] of spring oilseed rape categorized in diameter classes [mm]. Mean and SE of lateral 

distances. Means not sharing a common letter indicate significant differences (Tukey-HSD, α = 0.05); ns = not significant. 

 Fine  Small Medium  Coarse  

 Lateral 0–0.2 mm  0.2–0.4 mm 0.4–0.6 mm >0.6 mm  

Pore type 
distance [%]  [%]  [%]  [%]  

[mm] Mean  SE Mean  SE Mean  SE Mean   SE 

Worm 

Lumen 80.0 ab ± 2.71 15.1 b ± 2.12 2.75 ns ± 1.02 2.18 a ± 0.97 

0–2 83.8 a ± 4.18 15.1 b ± 3.42 1.04 ns ± 0.58 0.10 b ± 0.08 

2–4 73.5 bc ± 8.11 25.0 ab ± 7.31 1.05 ns ± 0.86 0.50 b ± 0.50 

4–8 70.2 bc ± 7.24 26.6 a ± 5.90 3.18 ns ± 1.91 0.07 b ± 0.07 

bulk 62.0 c ± 5.65 33.6 a ± 5.04 4.18 ns ± 1.30 0.26 b ± 0.17 

Root 

Lumen 79.6 b ± 3.63 16.7 b ± 2.04 2.25 ns ± 1.00 1.44 ns ± 1.11 

0–2 89.4 a ± 4.88 10.1 b ± 3.50 0.44 ns ± 0.38 0.01 ns ± 0.01 

2–4 74.9 abc ± 6.64 23.4 ab ± 8.36 1.70 ns ± 1.49 0.01 ns ± 0.01 

4–8 79.6 ab ± 5.10 19.4 ab ± 5.46 1.00 ns ± 0.75 0.03 ns ± 0.03 

bulk 62.6 c ± 7.87 33.9 a ± 8.02 3.48 ns ± 2.48 0.05 ns ± 0.05 

The estimation of the proportion of the root length per subsoil area resulted in a 

higher proportion of roots of oilseed rape in biopore lumen and sheath with >50% in 
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comparison to bulk soil in both pore types (Table 3). In faba bean most roots were located 

with >75% in the bulk soil. The biopore lumen with a diameter of 8 mm amounted 0.63% 

and the biopore sheath 5.02% of the subsoil area of the vessels. At time of sampling 3.49% 

of the root length of oilseed rape was found in worm type sheath and 5.02% in root type 

sheath. In faba bean 0.92% root length was found in worm type sheath and 3.12% in root 

type sheath.  

Table 3. Estimation of the soil area and the root distribution of spring oilseed rape and faba bean in worm or root type 

treatment. The mean root length (RL) in the biopore lumen, biopore sheath (0–2, 2–4, 4–8 mm) and bulk soil (20–36 mm) 

was estimated in 0.003 m3 subsoil per column; Average biopore diameter of the sampled biopores under study: 8 mm, and 

sampling depth: 15–55 cm. 

 Lumen 0–2 mm 2–4 mm 4–8 mm Bulk Soil 

Worm Root Worm Root Worm Root Worm Root Worm Root 

Share of subsoil volume [%] 0.63 0.78 1.10 3.14 94.35 

Spring oilseed rape 
Total RL [cm] 1148.66 627.88 52.42 35.42 10.06 10.25 14.85 18.78 990.12 593.02 

Share RL [%] * 51.83 48.84 2.37 2.76 0.45 0.80 0.67 1.46 44.69 46.14 

Faba bean 
Total RL [cm] 9.77 25.84 0.06 1.51 0.54 1.10 1.32 0.89 150.82 95.60 

Share RL [%] * 6.03 20.61 0.04 1.20 0.33 0.87 0.55 1.05 93.05 76.26 

* Share of root length over total root length of worm or root type. 

3.2. Nt- and Ct-Content 

For both species there was no difference between the biopore types. For faba bean 

the Nt- and Ct-content decreased with increasing lateral distance and soil depth (Figure 

3). The Nt-content of the biopore sheath of worm pores showed a significant difference in 

15–25 cm soil depth between 0–2 mm lateral distance and bulk soil. In the sheath of root 

biopores there were significant differences in a soil depth of 15–25 cm and 25–35 cm 

between 0–2 mm and bulk soil. The Ct-content decreased significantly in worm and root 

biopores from 0–2 mm to bulk soil in 15–25 cm and 25–35 cm soil depth. 

For spring oilseed rape there was no significant difference of the Nt-content. The Ct-

content was different in root type in a soil depth of 15–25 cm between 0–2 mm sheath and 

bulk soil. 
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Figure 3. Lateral variation of Nt- and Ct-Content from biopore wall to bulk soil (red line) in worm and root biopores of spring oilseed rape and faba bean. Mean and SE of lateral distances 

at each depth intervals. Data of worm type at the left side and of root type at the right side of the graph. Means with an asterisk are significant higher than the bulk soil as the control 

(Dunnett-test, α = 0.05; p * < 0.05, ** < 0.01, *** < 0.001); Layers of the biopore sheath in blue = 0–2 mm, green = 2–4 mm and yellow = 4–8 mm. 
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4. Discussion 

The RLD of oilseed rape sharply decreased laterally from biopore lumen towards 4–

8 mm biopore sheath of both pore types. It can be suggested that this lateral decrease is 

mainly related to roots, which entered the sheath by passing through the lumen. 

Conversely to oilseed rape, faba bean was growing with a higher share of roots through 

the bulk soil and rarely in the biopore lumen and sheath. That aligns with Athmann et al. 

[34], who reported a preferential root growth of oilseed rape in biopores in comparison to 

wheat, barley and faba bean. However, the results of this study show that even if 

preferential root growth of oilseed rape into biopore lumen occurred a comparatively 

small proportion of roots proliferated into the sheath of 0–8 mm lateral distance in worm 

as well as in root type pore. Within the sheath they remained mainly at the inner layer of 

the sheath in both biopore types. That can be related to the N-enrichment at the inner layer 

of the sheath and/or impeding layers of the sheath of 2–8 mm distance. 

Although both species have an allorhizous root system, they appear to proliferate 

through heterogenic subsoil differently. This is due to their sensitivity towards 

mechanical impedance and nutrient supply [37,38]. The RLD of less than 1 cm cm-³ of faba 

bean in the biopore lumen and their variance in root data showed no preferential root 

growth in biopores and sheath. When exposed to mechanical stress, faba bean roots 

usually become much thicker than the roots of monocots or other dicots [46]. The larger 

diameter increases their penetration ability [47]. That in turn may help to penetrate a 

possible impeding layer like the sheath, or linings of earthworms at the pore wall, or to 

grow through the bulk soil. In this study the bulk density of 1.5 g m−3 did not hinder faba 

bean to grow mainly through the bulk soil. Moreover, faba bean roots reacted with less 

plasticity to nutrient supply [39]. Therefore, faba bean appeared to be less attracted by 

pathways with a large-sized lumen and an nutrient-enriched inner layer of the biopore 

sheath than oilseed rape. 

Changes towards a higher concentration of nutrients, such as N, can promote the 

development of fine roots. Fine roots are important for nutrient uptake [48,49]. In this 

study the root system of oilseed rape mainly consisted of fine roots with a diameter ≤0.2 

mm. According to McCormack et al. [49] fine roots of a size of <0.5 mm belong to the 

absorptive fine root pool. The fine roots of oilseed rape were predominantly located in the 

lumen and 0–2 mm sheath of both biopore types. That points out either the presence of 

nutrient uptake, root growth without axial impedance [50] or a radial limitation in the 

sheath and bulk soil [21,50]. In the current study, coarse roots, which are mostly growing 

vertically and are of a higher order, were mainly located in the lumen. Furthermore, a 

higher share of roots at the intermediate diameter level (in this study: small and medium) 

were found in the comparatively denser soil areas (2–8 mm sheath and bulk soil), which 

could be due to axial impedance. For both types, there were significantly more fine roots 

in the lumen and the inner layer of the sheath than in the bulk soil. This can be explained 

as an effect of the N-enrichment. 

However, it was originally hypothesized that the precrop leaves lateral pores, and 

therefore encourages root growth into the biopore sheath, whereas the earthworm 

disconnects lateral pores as potential pathways into the sheath [30]. This assumption 

could not be confirmed in this study, because there were no significant differences found 

in the root distribution within the sheath between the biopore types. Thus, root growth 

was not encouraged within root type sheath and not reduced in worm type sheath. 

However, Lucas et al. [51] showed that establishing a well-connected biopore network by 

plant roots requires several years. The one-term precrop cultivation in this experiment 

might have been too short for establishing a well-connected pore network from the large-

sized macropore towards bulk soil. In further studies, a better understanding of the 

imprinting effects on root distribution within the sheath could be achieved by measuring 

physical properties before and after main crop cultivation, such as pore connectivity by 

computed-tomography. 
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In both species there were lateral variations in the sheath of the Nt- and Ct-content, 

but no difference between worm and root type. Earthworm linings increase N- and C-

contents in the pore wall and sheath [8,12]. In this study, residues of chicory roots also 

contributed to increased Nt- and Ct-contents in the biopore sheath in faba bean, 

particularly in the inner layer of the sheath in a soil depth of 15–35 cm. The highly 

significant Nt- and Ct-contents in root type can be explained by the root debris of the 

taprooted precrop, which had completely filled the pore in the upper soil layers at the end 

of the cultivation period. The lateral decrease of both elements from biopore wall surface 

towards bulk soil was more expressed in faba bean than in oilseed rape. The more 

expressed lateral decrease in faba bean is consistent with the findings in a previous field 

study using the same sampling pattern of the biopore sheath in subsoil [28]. There, the Nt- 

and Ct-contents were significantly decreasing from pore wall towards 8 or 12 mm lateral 

distance from macropore [28]. Thus, for the Brassicaceae an N-rich pore wall can be more 

advantageous than it is for the Legume. Considering this, oilseed rape was foraging on N 

from the inner layer of the sheath, while faba bean was not dependent on this N source. 

5. Conclusions 

The results of the root distribution and the proportion of fine roots show no 

differences within the sheath between both pore types. Earthworm imprinting does not 

limit root access into the biopore sheath, nor does the precrop encourage it. Beyond that, 

the results indicate that both crop species have different strategies for growing through 

heterogenic subsoil. The results about faba bean support the view that faba bean is not 

necessarily using large-sized biopores and thus also not the biopore sheath, which can be 

related to a different rooting and foraging behavior. Contrary to that, oilseed rape appears 

to be attracted by the inner layer of the sheath. This can be due to the accessibility through 

the macropore as a pathway without mechanical impedance, and the N-enrichment of the 

inner layer of the sheath of both biopore types. 
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