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Abstract 
Background and Aims  While much research has 
focused on the benefits of cover crop diversity for 
crop productivity, there is limited evidence on how 
root diversity and species selection stabilise soil. 
Although cover crops can potentially improve on-
farm soil and water management, how they bind 
soil (through rhizosheath development) and whether 
multi-species cover crops offer additional benefits has 
attracted little attention. This study aimed to assess 
rhizosheath persistence in field-grown cover crops 
and their mixtures to understand the impact of species 
diversity on soil binding capacity.
Methods  Brassica juncea, Secale cereale and Vicia 
faba were sown as monocultures and mixtures in 
a winter cover crop field trial near Dundee, Scot-
land. Soil cores were collected three times during 

January-March 2023. Measurements included rhizos-
heath mass, root length, and root hair length and 
density.
Results  While overall rhizosheath mass decreased 
by 27% with plant age, Secale cereale maintained the 
largest rhizosheath mass per unit root length (1.75 
and 5.60 times greater than Vicia faba and Brassica 
juncea, respectively) regardless of time, diversity 
or species combination. The fibrous rooting system 
and long, dense root hairs of Secale cereale made 
this cover crop exceptionally effective at binding 
soil. Root hair length and density partially explained 
(42%) the variation in rhizosheath mass.
Conclusion  This field trial highlights that species 
selection is more important than diversity per se and 
indicates that Secale cereale is particularly effective 
at binding soil to the roots, suggesting it might be a 
particularly valuable cover crop over winter months.

Keywords  Rhizosheath · Cover crop mixtures · 
Root hairs · Root traits · Soil binding

Introduction

The resilience of agroecosystems to climate stress 
can be strengthened by planting cover crop mix-
tures over the winter months. Cover crop root sys-
tems can enhance biogeochemical interactions in the 
rhizosphere (Hallama et  al. 2019) that can improve 
soil health and functioning during a time of the year 
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where field soils would otherwise be left bare and 
more vulnerable to the effects of extreme weather 
conditions. Increasing cover crop diversity has the 
potential to further improve ecosystem functioning 
through the complementary use of resources in time 
and space (Brooker et al. 2021; Homulle et al. 2022).

By binding soil to the roots, rhizosheath formation 
has the potential to promote soil structure and stabi-
lisation (Mo et al. 2023) by enhancing soil aggrega-
tion around root systems (Marasco et  al. 2018) that 
is critical for mitigating soil erosion. Several factors 
influence rhizosheath formation and its stability such 
as root traits, microbial activity, soil characteristics 
and moisture content (Mo et  al. 2023). Primarily, 
rhizodeposition (from root decay and root-derived 
exudates, including mucilage) and drying-wetting 
cycles facilitate soil aggregation (Carminati et  al. 
2010; Aslam et  al. 2022; Rahim et  al. 2023), and 
root hairs can expand rhizosheath mass (Brown 
et al. 2017; Burak et al. 2021). Soil aggregates in the 
rhizosheath have greater tensile strength than those in 
the bulk soil (Czarnes et al. 2000). Therefore, inves-
tigating the rhizosheath formation capacity of crops 
used in our agricultural systems is essential to opti-
mise soil structure and stabilisation in our fields.

Rhizosheath formation has been mostly studied in 
crop species grown under controlled conditions. For 
example, a comprehensive glasshouse screening study 
confirmed rhizosheath presence in most angiosperm 
orders tested, but with varying specific rhizosheath 
masses, i.e. rhizosheath mass per unit of root mass, 
across species (Brown et al. 2017). The few field tri-
als that exist show that specific rhizosheath weight 
varied across grassland species in China, becoming 
larger with increasing nitrogen availability (Mo et al. 
2022; Tian et al. 2022). The relative lack of field data 
highlights the need for additional experiments to ver-
ify the factors influencing rhizosheath formation in 
species with contrasting rooting systems (Hallett et al. 
2022; Mo et al. 2023). Since cover crops are planted 
to protect the soil over the winter months, comple-
mentary root traits between cover crop species could 
lead to synergistic or additive effects on soil binding 
capacity and soil stabilisation.

Although rhizosheaths can improve soil stabil-
ity by aggregating soil, their persistence over time 
is sensitive to environmental conditions. Rhizos-
heath formation by grasses in a semi-arid savanna 
was a plastic trait that varied annually depending on 

rainfall patterns, where rhizosheath thickness was 
greater in wetter than drier years, attributed to bet-
ter growing conditions encouraging exudate produc-
tion and root hair development (Hartnett et al. 2013). 
Similarly, Marin et al. (2021) found Hordeum vulgare 
specific rhizosheath mass (rhizosheath mass per unit 
of root length) decreased during the growing season 
in an exceptionally dry summer in the UK, whereas 
research in controlled conditions found that dry soils 
stimulated rhizosheath formation (Watt et  al. 1994; 
Haling et  al. 2014; Liu et  al. 2019). Thus, the plas-
ticity of root traits and their dynamic relationship 
requires further investigation to assess whether the 
rhizosheath persists in cover crop species over the 
winter months in temperate climates such as in the 
UK.

Root hairs, tubular-shaped outgrowths of root 
epidermal cells, are considered the key root trait for 
rhizosheath formation as they provide a physical 
framework to adhere to soil particles and increase 
the root-soil surface area contact to facilitate rhizos-
heath formation (Haling et al. 2010). Species without 
root hairs (e.g. Allium schoenoprasum and A. cepa 
aggregatum) did not form rhizosheaths (Brown et al. 
2017), and although root exudation from root-hairless 
mutants of Hordeum vulgare and Zea mays allowed 
limited rhizosheath formation, soil binding was sig-
nificantly greater when root hairs were present (Burak 
et  al. 2021). Further, root hairs can promote muci-
lage production (Galloway et al. 2022; Marasco et al. 
2018), enhancing rhizosheath formation. Therefore, 
understanding the root hair characteristics of cover 
crop species is important for assessing the soil bind-
ing capacity of their root systems.

Longer and denser root hairs can be important 
for rhizosheath formation, although the literature 
contains variable results. Tomato rhizosheath mass 
was positively correlated with root hair length 
under dry conditions, and with root hair den-
sity under well-watered conditions (Karanja et  al. 
2021). Specific rhizosheath mass and root hair 
length and density were strongly correlated in Hor-
deum vulgare (Marin et  al. 2021), Triticum aesti-
vum (Delhaize et  al. 2012) and Vigna unguiculata 
(Opoku et  al. 2022) while in different Hordeum 
vulgare genotypes (Brown et al. 2017; George et al. 
2014; Haling et al. 2010) and sorghum (Adu et al. 
2023) they were weakly or not correlated. Shorter 
root hairs have been found to correlate positively 
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with specific rhizosheath weight (Brown et  al. 
2017); with root hairs up to 300 μm long suggested 
to be the primary driver of rhizosheath formation 
(Rongsawat et  al. 2021). Alternatively, when root 
hairs are absent or their length is > 300 μm, muci-
lage and other root hair traits (e.g. morphology and 
density) become dominant. This suggests that fac-
tors affecting rhizosheath formation dominate or 
complement each other depending on species and 
genotype.

This study investigated rhizosheath persistence 
in a winter cover crop mixtures field trial, assess-
ing whether root traits such as root length, root hair 
length and root hair density affected rhizosheath 
dynamics of different cover crop combinations 
and whether rhizosheath mass changed over time. 
We hypothesised that: 1) cover crop diversity will 
increase rhizosheath mass; 2) rhizosheath mass 
will change over time; and 3) rhizosheath mass will 
increase with longer and denser root hairs.

Materials and methods

Field site

A winter cover-crop mixtures field trial was sown on 
1 st September 2022 at the James Hutton Institute’s 
Balruddery Farm, Dundee, Scotland (56°28′46.6"N 
3°07′53.1"W, Fig.  1). Secale cereale (G), Brassica 
juncea (B) and Vicia faba (L) were sown individually 
at a rate of 18.5 g/m2, 1.5 g/m2, and 20 g/m2 respec-
tively, and in all possible combinations in equal frac-
tions, i.e. sowing rates for each species were halved 
or reduced to a third in the mixtures. The rates were 
recommended by the seed merchant, DLF Seeds A/S. 
These grass, brassica and legume species were chosen 
due to their suitability to climatic conditions and their 
contrasting plant functional groups (Tilman et  al. 
1997). A total of seven plant treatments were tested: 
grass (G), brassica (B), legume (L), grass and bras-
sica (GB), grass and legume (GL), brassica and leg-
ume (BL), and grass, brassica and legume (GBL).

Fig. 1   Layout of field trial at Balruddery Farm, UK, compris-
ing plots of Secale cereale (G), Brassica juncea (B), Vicia faba 
(L) as single species and in all possible combinations, includ-

ing guard plots composed of BL, Hordeum vulgare (Hv), GL, 
and B (in dark green). Basemaps: Esri, OpenStreetMap and 
Microsoft
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The experimental layout was a randomised design 
of six blocks. Guard strips of barley (cv. Laureate) 
were sown at the ends of each block to limit edge 
effects on outside plots. The experimental plots (2 m 
long × 1 m wide) were established on a 5° slope. The 
soil texture was silt loam (28.47% sand, 51.35% silt, 
20.18% clay). The bulk density was 1.14 g cm−3.

Field measurements

Plots were sampled three times: in January (30th—
31st January), February (14th—15th February) and 
March (1st—2nd March) 2023. Total rainfall during 
the sampling period was 32.3 mm, and 514.1 mm 
between the sowing date and the end of the sampling 
period. At each time point, three soil moisture meas-
urements were taken at a 7.6 cm depth in a zig-zag 
shape across each plot during using a FieldScout 
TDR 350 Soil Moisture Meter.

At each sampling, photographs were taken of a 0.5 
m × 0.5 m quadrat and uploaded to Canopeo (Patrig-
nani and Ochsner 2015) to estimate canopy coverage 
percentage. On the last sampling time point, the num-
ber of plant individuals of each species was recorded 
to calculate stem density, and aboveground biomass 
was harvested by cutting at the stem base, then oven-
dried at 70 °C for four days and weighed.

One soil core (6.4 cm diameter × 20 cm height) 
was taken per plot at each sampling time point. Before 
taking the core, the number of plants per species pre-
sent within the cored diameter was recorded, then the 
plants were harvested by cutting at the stem base and 
oven-dried at 70 °C for four days after which the dry 
mass was recorded. Cores were stored in a cold room 
at 4 °C while they were processed over the next 4–5 
days. Rhizosheath development was measured by 
carefully breaking the core open, removing the roots 
from the core and gently shaking them by hand until 
the bulk soil detached. Using deionised water, the 
rhizosheath of each species was washed off the roots 
into a pre-weighed aluminium tray. Roots from each 
species were easily differentiated due to their con-
trasting root architectures and colouring. Rhizosheath 
trays were oven-dried at 105 °C overnight and the dry 
mass was recorded and expressed per unit area.

Roots were stored in 50% ethanol at 4 °C until all 
were processed together following the last sampling 
time point. Roots were suspended in water and an 
image scanned using an Epson Expression 10000XL 

scanner (Epson UK, London, UK). Background col-
our settings were adjusted for the differing root colour 
of each species i.e. a white background for the dark 
Vicia faba roots and a black background for the light 
Secale cereale and Brassica juncea roots. Images 
were analysed for average diameter and root length 
using WinRHIZO (Regent Instruments, Quebec, Can-
ada), with the latter expressed per unit area.

Root sections were then photographed using a 
compound light microscope (Leica MZF111, Leica 
Microsystems, Bannockburn, IL, USA) at 3.2x (for 
grass) and 5 × (for brassica and legume) magnifica-
tion with a Leica DC480 camera attachment (Leica 
Microsystems (UK) Ltd, Milton Keynes, UK). Photo-
graphs were taken of the root hair zones of all species 
within all treatments and time points. Since brassica 
tap roots were hairless, images were taken of the finer 
lateral roots where hairs were present. Representa-
tive root hair length of each species within all treat-
ments was estimated by measuring 10 individual root 
hairs per image using ImageJ software (U.S. National 
Institutes of Health, Bethesda, Maryland, USA) pro-
viding an average value for each sample which was 
then taken forward for further data analysis. Root hair 
density was calculated by counting the number of 
root hairs within a 1 mm2 area of root surface using 
ImageJ. Root hair length and density were multiplied 
to calculate total root hair length per unit of root 
length, a single variable to represent the combination 
of both root traits.

Once the images were taken, roots were oven-dried 
at 70 °C for four days and the dry mass recorded. 
Specific rhizosheath mass was calculated by divid-
ing the rhizosheath soil dry mass by the correspond-
ing root length. Total rhizosheath of each species was 
calculated by estimating the average rhizosheath mass 
per plant in a core sample and then extrapolating to 
rhizosheath mass per m2 by using the plant density 
determined from the number of plants in a quadrat.

Data analysis

Statistical analysis was performed in R (R Core Team 
2023). To normalise the data, canopy coverage (% 
ground cover), root hair density (number of hairs 
mm−2), root length (cm m−2) and specific rhizos-
heath mass (g cm−1, rhizosheath dry mass per unit of 
root length) were square root transformed, while root 
hair length (µm), rhizosheath dry mass (g m−2), total 
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root hair length per unit of root length, and above-
ground plant dry mass (g m−2) were logarithmically 
transformed.

Factorial repeated measures ANOVAs were per-
formed to assess the main effects and interactions of 
the factors of soil moisture, sampling time, diversity, 
species and treatment (i.e. species combination) on 
canopy coverage, aboveground dry mass, root diam-
eter, rhizosheath mass, root length, specific rhizos-
heath mass, root hair length and density, and total 
root hair length per unit of root length. Block was set 
as random factor and plot was included as a nested 
factor to account for repeated measures on the same 
plots at different time points. Pairwise comparisons 
using a post hoc Tukey’s HSD test were conducted to 
identify significant differences within groups follow-
ing a significant ANOVA result.

Linear regressions were performed to identify rela-
tionships between rhizosheath mass and volumetric 
soil moisture content; and between specific rhizos-
heath mass and root hair length, root hair density, 
and total root hair length per unit of root length. A 
multiple linear regression was performed to assess 
the combined effect of root hair length and density on 
specific rhizosheath mass. All results presented are 
mean ± standard error and significance is at a 95% 
confidence level. Packages used were ggplot2, stats, 
dplyr and emmeans.

Results

Volumetric soil moisture content did not differ (F (6, 
105) = 1.51, p = 0.19) between species treatments, but 
decreased significantly between sampling times (F (2, 
105) = 76.67, p < 0.001), averaging 22.1 ± 0.3% at 
time point 1, 20.8 ± 0.2% at time point 2, and 16.6 
± 0.2% at time point 3 (n = 42 per time point).

Canopy coverage differed significantly (F (6, 98) 
= 6.63, p < 0.001) across species treatments. In the 
three species mix (GBL) coverage averaged 33 ± 3% 
and was significantly greater than coverage in B (23 
± 2%; t (98) = 3.92, p = 0.005), GL (22 ± 2%; t (98) 
= 4, p = 0.002) and L (19 ± 2%; t (98) = 5.66, p < 
0.001). The field bean monoculture coverage was sig-
nificantly less than in G (28 ± 2%; t (98) = 3.74, p = 
0.005), GB (26 ± 2%; t (98) = 3.21, p = 0.02) and BL 
(26 ± 2%; t (98) = 3.14, p = 0.03). Although not sig-
nificantly different between time points overall (F (2, 

98) = 1.34, p = 0.25), there was an interactive effect 
between treatments and time (F (12, 98) = 1.71, p = 
0.04). Table 1 shows coverage significantly decreased 
between time point 2 and 3 for brown mustard (B) 
and field bean (L) in monocultures, but no other treat-
ments varied significantly over time. At time point 
1, field bean monoculture coverage was significantly 
less than that of the three species mix, but neither 
differed significantly from other treatments. At time 
point 2, both GB and GL coverage were significantly 
less than GBL coverage, and at time point 3, field 
bean monoculture coverage was significantly less 
than that of rye monoculture, GB, and GBL coverage. 
Therefore, the three species mix consistently showed 
the most coverage and field bean monoculture gener-
ally the least.

Aboveground plant dry biomass (g m−2) differed 
significantly across species (F (2, 185) = 170.14, p < 
0.001), diversity levels (F (2, 185) = 29.88, p < 0.001) 
and time (F (2, 185) = 10.16, p < 0.001) with sig-
nificant interactions occurring between species and 
diversity (F (4, 185) = 8.51, p < 0.001) and species 
and time (F (4, 185) = 3.56, p = 0.007). Overall, rye 
aboveground biomass was approximately 3.5 times 
greater (55 ± 6 g  m−2) than brown mustard (16 ± 2 
g m−2), and brown mustard was 1.5 times greater than 
field bean (11 ± 1 g  m−2). Species in monoculture 
treatments produced significantly more aboveground 
biomass than when grown in mixes of two (t (185) 
= 3.72, p < 0.001) and three species (t (185) = 7.25, 
p < 0.001), as well as being greater in mixes of two 

Table 1   Coverage (%) and standard error of the mean of all 
treatments per sample time (n = 6)

Values not sharing a letter are significantly different from each 
other (p < 0.05). Significant differences between treatments 
within each time point (columns) are shown by lower case let-
ters. Significant differences between time point within each 
treatment (rows) are shown by upper case letters

T1 T2 T3

Grass (G) 26.5 (± 2.3) ab 24.6 (± 1.6) ab 32.0 (± 2.4) a

Brassica (B) 22.1 (± 3.0) 
ab AB

29.8 (± 1.8) 
ab A

19.4 (± 3.9) ab B

Legume (L) 19.3 (± 2.7) 
b AB

24.2 (± 2.2) 
ab A

13.5 (± 1.7) b B

BL 25.3 (± 1.8) ab 29.1 (± 2.0) ab 24.1 (± 4.1) ab

GB 25.8 (± 2.6) ab 23.6 (± 1.1) b 29.6 (± 2.8) a

GL 21.1 (± 2.4) ab 21.6 (± 1.5) b 25.9 (± 2.9) ab

GBL 32.2 (± 4.3) a 35.5 (± 5.7) a 31.0 (± 4.7) a
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rather than three species (t (185) = 4.65, p = 0.001). 
Field bean followed this decreasing pattern with 
increasing diversity, while brown mustard decreased 
from a monoculture to two (t (185) = 3.47, p = 0.01) 
and three species mixes (t (185) = 5.46, p < 0.001), 
but not between two and three species mixes (t (185) 
= 2.88, p = 0.09). Rye aboveground biomass did not 
differ significantly between diversity levels (Table 2). 
Overall, aboveground biomass increased significantly 
from time point 1 to 2 (t (185) = 4.18, p = 0.001) by 
31% and did not significantly change from time point 
2 to 3 (t (185) = 2.2, p = 0.07) or time point 1 to 3 
(t (185) = 0.84, p = 0.67). The increase in mass from 
time point 1 to 2 was driven largely by an increase in 
dry mass of brown mustard, specifically when grown 
in the three species mix (GBL) (Table 2). Thus, rye 
consistently maintained the greatest aboveground 
dry mass regardless of species combination and time 
point, while field bean and brown mustard above-
ground dry mass decreased with increasing diversity.

Root diameter was significantly (F (2, 185) 
= 525.76, p < 0.001) greater in field bean, averag-
ing 1.12 ± 0.03 mm, whereas rye and brown mustard 
averaged 0.38 ± 0.01 mm and 0.38 ± 0.01 mm respec-
tively. Average root diameter (mm) did not change 
significantly with time (F (2, 185) = 0.65, p = 0.52) or 
diversity level (F (2, 185) = 2.4, p = 0.09).

Root length (cm m−2) differed significantly 
between species (F (2, 185) = 224.9, p < 0.001). On 
average, rye roots (8,807 ± 345 cm m−2) were longer 
than those of brown mustard (3,678 ± 255 cm m−2), 
and field bean roots were the shortest (2,042 ± 149 cm 
m−2). Overall root length (cm m−2) was significantly 

greater in monocultures than in the two (t (185) 
= 3.64, p = 0.001) and three species mixes (t (185) 
= 4.67, p < 0.001), but did not differ significantly (t 
(185) = 1.8, p = 0.17) between the two and three spe-
cies mixes. This pattern was found in brown mustard, 
where root length in a monoculture was greater than 
in the two (t (185) = 3.22, p = 0.03) and three species 
mixes (t (185) = 3.78, p = 0.006), but similar (t (185) 
= 1.2, p = 0.95) between two and three species mixes. 
Brown mustard root length was greater in a monocul-
ture than in GB (t (185) = 3.87, p = 0.008) and GBL (t 
(185) = 3.89, p = 0.007) but was not significantly dif-
ferent to BL (t (185) = 1.76, p = 0.83), and the mixes 
did not differ between each other. Field bean root 
length in a monoculture was significantly greater than 
in the three species mix (t (185) = 4.2, p = 0.001), but 
was not significantly different between the monocul-
ture and the two (t (185) = 2.86, p = 0.10) or the two 
and three species mixes (t (185) = 2, p = 0.54). Rye 
root length did not differ significantly between diver-
sity levels (Fig. 2). Although the species with longest 
roots (rye) maintained its length across diversity lev-
els, growing brown mustard and field bean in mixes 
decreased their root lengths compared to their growth 
in monocultures.

Cover crop diversity significantly decreased (F 
(2, 185) = 11.09, p < 0.001) total rhizosheath mass 
(g m−2). Overall, monocultures had a significantly 
larger rhizosheath mass than two (t (185) = 2.83, p = 
0.01) and three species (t (185) = 4.57, p < 0.001) 
mixes, being significantly smaller in the three species 
than the two species mixes (t (185) = 2.47, p = 0.03) 
(Fig. 3).

Table 2   Aboveground 
plant dry mass (g m−2) and 
standard error of the mean 
of all treatments per sample 
time (n = 6)

Values not sharing a letter 
are significantly different 
from each other (p < 0.05). 
Significant differences 
between treatments within 
each time point (columns) 
are shown by lower 
case letters. Significant 
differences between time 
point within each treatment 
(rows) are shown by upper 
case letters

T1 T2 T3

Grass (G) 56.62 (± 13.37) a 63.11 (± 7.66) a 30.48 (± 2.65) abc

Brassica (B) 14.70 (± 2.73) ab 26.60 (± 5.00) abc 37.21 (± 14.37) ab

Legume (L) 19.21 (± 2.96) ab 23.37 (± 3.15) abc 16.27 (± 3.37) b

BL—B 11.04 (± 3.67) bcd 21.76 (± 3.16) abc 24.36 (± 5.88) abc

BL—L 12.32 (± 3.54) bc 13.74 (± 2.26) bcd 11.91 (± 2.03) cd

GB—G 50.31 (± 6.69) a 72.64 (± 2.63) a 56.76 (± 11.18) a

GB—B 7.37 (± 2.42) bcd 11.83 (± 2.63) cd 7.93 (± 1.89) cd

GL—G 61.59 (± 20.82) a 50.09 (± 7.42) ab 70.51 (± 14.33) a

GL—L 7.51 (± 1.50) bcd 8.95 (± 2.03) cd 6.96 (± 1.11) cd

GBL—G 33.03 (± 4.00) a 60.68 (± 8.53) a 51.39 (± 6.06) ab

GBL—B 3.40 (± 1.19) d B 10.86 (± 1.76) cd A 10.7 (± 2.08) cd AB

GBL—L 3.97 (± 1.28) cd 5.82 (± 2.20) d 4.83 (± 1.40) d
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Rhizosheath mass (g m−2) differed significantly 
(F (2, 185) = 228.02, p < 0.001) between species. On 
average, rye bound 7 times more soil (325.0 ± 20.3 
g  m−2) than field bean (49.0 ± 4.6 g  m−2) and 11 
times more than brown mustard (28.7 ± 3.2 g  m−2). 
There was a significant interaction (F (4, 185) = 7.58, 
p < 0.001) between diversity level and species driven 
by field bean rhizosheath mass, which was overall 
significantly larger in a monoculture than in the two 
species (t (185) = 3.85, p = 0.005) and the three spe-
cies mixes (t (185) = 6.67, p < 0.001), and signifi-
cantly larger in two than three species mixes (t (185) 

= 3.87, p = 0.004). At the treatment level, field bean 
rhizosheath mass was significantly larger in a mono-
culture than in GL and in GBL (t (200) = 3.53, p = 
0.02 and t (200) = 7.09, p < 0.001, respectively), but 
not significantly different to BL (t (200) = 3.23, p = 
0.06). Brown mustard rhizosheath mass was signifi-
cantly smaller in GBL than BL (t (200) = 3.84, p = 
0.008), but remained similar across all other treat-
ments. For rye, rhizosheath mass did not differ across 
diversity levels or treatments. Thus, rye bound the 
largest amount of soil per m2 regardless of diversity 
and species combination, brown mustard bound the 
least amount of soil regardless of diversity and spe-
cies combination except when grown in a three spe-
cies mix (GBL), and field bean bound more soil in 
a monoculture and when grown with brown mustard 
(BL) than when grown with rye (GL, GBL) (Fig. 4).

Rhizosheath mass (g m−2) decreased with time 
(F (2, 185) = 4.41, p = 0.01), specifically between 
time point 1 and 3 (t (185) = 2.62, p = 0.02) by 27% 
(Fig.  5). Rhizosheath dry mass increased signifi-
cantly (F (1, 213) = 4.35, p = 0.03) with soil moisture, 
although moisture explained little of the variation 
(r2 = 0.01).

Root length (cm m−2) did not change significantly 
over time (F (2, 185) = 0.09, p = 0.9), however spe-
cific rhizosheath mass (rhizosheath dry mass per unit 
of root length) did (F (2, 185) = 6.71, p = 0.01). Over-
all, specific rhizosheath mass decreased by 22% from 
time point 1 to time point 3, and did not change (F 
(4, 185) = 0.34, p = 0.84) within species over time 
(Fig.  6a) but differed between species (F (2, 185) 
= 157.33, p < 0.001). Specific rhizosheath mass of 

Fig. 2   Root length (cm 
m−2) across species treat-
ments distinguishing the 
species within treatments 
by colour, where green is 
Secale cereale (G), yel-
low is Brassica juncea (B) 
and blue is Vicia faba (L) 
(n = 18 per boxplot). 
Boxes indicate the 25 & 
75% quartile and lines the 
median, with smaller points 
indicating individual sam-
ples. Species significantly 
(p < 0.05) differ from each 
other if they do not share 
a letter

Fig. 3   Rhizosheath dry mass (g m−2) across diversity levels 
(level 1 n = 54; level 2 n = 108; level 3 n = 54). Boxes indi-
cate the 25 & 75% quartile and lines the median, with smaller 
points representing individual species per plot. Diversity lev-
els significantly differ (p < 0.05) from each other if they do not 
share a letter
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rye was 1.75 times greater than field bean and 5.60 
times greater than brown mustard, while that of field 
bean was 3 times greater than brown mustard. Spe-
cific rhizosheath mass does not change within spe-
cies across species combinations (Fig.  6b), and was 
greater in rye particularly when combined with field 
bean and brown mustard (GBL).

Across species, specific rhizosheath mass was 
significantly positively related to root hair length (F 
(1, 213) = 155.50, p < 0.001; r2 = 0.41) and density 
(F (1, 213) = 75.56, p < 0.001; r2 = 0.25), with both 
independent variables being correlated with each 
other (F (1, 213) =, p < 0.001, r2 = 0.57) and together 
explaining 42% of specific rhizosheath mass variation 
(Fig. 7a,b). When total root hair length per unit of root 
length was calculated, specific rhizosheath mass was 
also significantly positively related with this variable 
(F (1, 213) = 141.1, p < 0.001; r2 = 0.39) (Fig.  7c). 
However, within each species, specific rhizosheath 
mass was not significantly related to root hair length, 
to root hair density, or total root hair length per unit 
of root length (Table 3). Diversity level did not affect 
root hair length (F (2, 185) = 0.33, p = 0.71), density 
(F (2, 185) = 1, p = 0.36), or total root hair length per 
unit of root length (F (2, 185) = 0.39, p = 0.67), but 

all differed significantly between species (F (2, 185) 
= 950.61, p < 0.001; F (2, 185) = 120.43, p < 0.001; 
and F (2, 185) = 578.82, p < 0.001, respectively). 
Brown mustard had the shortest and least dense root 
hairs, field bean had longer and denser root hairs, and 
rye had the longest and densest root hairs (Table  4, 
Fig.  8). Thus, variation in root hair traits affected 
rhizosheath mass.

Discussion

To our knowledge, this study is the first to assess the 
persistence of rhizosheath mass in three functionally 
diverse cover crop species grown in the field. We 
provide evidence that cover crop species rather than 
diversity is key for rhizosheath formation, with spe-
cific root traits such as those of rye retaining more 
soil regardless of sowing density. While farmer selec-
tion of cover crop species may be determined by their 
other benefits to cropping systems, species differ-
ences in rhizosheath formation suggest opportunities 
for maximising soil aggregation.

Overall, species grown in monocultures bind more 
soil per m2 than when grown in mixtures (Fig. 3), in 

Fig. 4   Rhizosheath dry mass (g m−2) across species treat-
ments distinguishing the species within treatments by colour, 
where green is Secale cereale  (G), yellow is Brassica jun-
cea (B) and blue is Vicia faba (L), (n = 18 per boxplot). Boxes 

indicate the 25 & 75% quartile and lines the median, with 
smaller points indicating individual samples. Species signifi-
cantly (p < 0.05) differ from each other if they do not share a 
letter
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contrast to our hypothesis that cover crop diversity 
would increase rhizosheath mass. This is partly due 
to the different soil binding ability of certain species 
as well as the reduction of plant density with increas-
ing diversity. Sowing rates for each species were 
halved or reduced to a third in the mixtures, leading 
to a reduction in rhizosheath mass per m2 particularly 
for field bean, probably due to its already low sow-
ing density. However, rye rhizosheath mass per m2 
maintained a large rhizosheath mass irrespective of 
whether sown at low (mixtures) or high (monocul-
ture) density (Fig. 4), suggesting that it is highly com-
petitive for space both with itself (intraspecific) and 
with the other two species (interspecific). This result 
suggests that rye could be sown at a lower mono-
crop density than recommended by cover crop seed 
suppliers.

Rye suppressed the soil binding capacity of field 
bean through competition, as field bean bound more 
soil per m2 when combined with brown mustard 
than when combined with rye. The complementary 

relationship between brown mustard and field bean 
and competitive effect of rye was also observed in 
the differences in canopy ground coverage (Table 1), 
aboveground biomass (Table  2), root dry mass 
(Table  S1) and root length (Fig.  2) and specific 
rhizosheath mass (Fig.  6b) between species and 
cropping combinations. Rapidly establishing grass 
species typically dominate in mixed systems, espe-
cially over legumes (Hauggaard-Nielsen et  al. 2012; 
Farney et al. 2018). Root interactions determine this 
competitive effect, as physical barriers in the soil 
between grass and legume species doubled legume 
aboveground biomass (Walker and King 2009). Rye’s 
fibrous rooting system extends throughout the topsoil, 
while the taproots of brown mustard and field bean 
grow towards the subsoil (Kemper et al. 2020). These 
differences in root spatial distribution complement 
each other, leading to positive effects on root devel-
opment (root length and mass density, specific root 
length) and nutrient acquisition (Kemper et al. 2022). 
Although we expected to see niche differentiation 

Fig. 5   Rhizosheath dry mass (g m−2) across time points (n 
= 72 per boxplot). Boxes indicate the 25 & 75% quartile and 
lines the median, with points indicating individual samples. 

Time points are significantly different (p < 0.05) from each 
other if they do not share a letter
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allowing each species to develop relatively larger root 
and rhizosheath masses when grown in mixtures, the 
root spatial distribution of rye and its ability to extend 
and fill the available space suppressed the soil bind-
ing capacity of other species.

Over time, the cover crops bound less rhizosheath 
soil, confirming our second hypothesis. Although 
there was no reduction in root length with time, soil 
binding capacity (rhizosheath mass per m2) and spe-
cific rhizosheath mass overall decreased by 27% and 
22%, respectively, from the start to the end of the trial. 
Nevertheless, specific rhizosheath mass of each indi-
vidual species did not statistically change over time 
(Fig.  6a). Barley rhizosheath mass also decreased 
with plant age in a field trial of similar duration 
(George et  al. 2014), possibly linked to an increase 
in rainfall and soil moisture content. Rhizosheath is 
a plastic trait that changes with soil moisture, with 
larger maize rhizosheaths (rhizosheath volume) under 
dry conditions in a controlled environment (Watt et al. 
1994), but larger rhizosheaths (rhizosheath thickness) 
in the field in wetter years due to better growing con-
ditions that encouraged root activity (Hartnett et  al. 
2013). In this study, soil moisture decreased with time 
as did rhizosheath mass. However, limited soil drying 

between January and March in Scotland (soil mois-
ture ranged from 22.1% to 16.6%) seemed insufficient 
to encourage soil aggregation and affect rhizosheath 
formation. Since soil moisture explained little of the 
variability in rhizosheath mass (r2 = 0.01), other fac-
tors were more important in determining rhizosheath 
mass.

Plant maturity may have diminished rhizosheath 
formation over time. Younger, actively growing root 
systems with greater root exudation may stimulate 
rhizosheath formation, while root hair death and lig-
nification in older roots likely weakened rhizosheath 
attachment to the roots. Soil retention capacity of 
ryegrass and alfalfa, with a fibrous and taproot sys-
tems respectively, was greater during early growth 
stages and then gradually decreased as plants aged 
due to stunted root growth following unfavourable 
weather conditions (Liu et  al. 2024). In the present 
field trial, the cover crops were sown in September 
and sampled from January to March, when the win-
ter months constrained growth and temperatures were 
gradually increasing but not yet reaching favourable 
temperatures for greater root development.

Root hair length and density contributed to rhizos-
heath formation, confirming our third hypothesis. 

Fig. 6   Specific rhizosheath 
mass (rhizosheath dry mass 
per unit of root length, g 
cm−1) across time points 
(n = 24 per boxplot) (A) 
and species treatments 
(n = 18 per boxplot) (B) 
distinguishing the species 
within time points or treat-
ments by colour, where 
green is Secale cereale (G), 
yellow is Brassica juncea 
(B) and blue is Vicia faba 
(L), (n = 24 per boxplot). 
Boxes indicate the 25 & 
75% quartile and lines the 
median, with smaller points 
indicating individual sam-
ples. Species significantly 
(p < 0.05) differ from each 
other if they do not share 
a letter
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Longer root hairs are associated with larger rhizos-
heaths (Delhaize et  al. 2012; Marin et  al. 2021; 
Opoku et al. 2022) as our results show overall (Fig. 7a 
and Table 3). Rongsawat et al. (2021) suggested root 

hair length is the primary driver of rhizosheath for-
mation when root hairs are < 300 μm, and, beyond 
300 μm, other root hair traits, such as density, become 
more important. Here, no relationships were found for 

Fig. 7   Specific rhizosheath 
mass (rhizosheath dry mass 
per unit of root length, g 
cm.−1) plotted against root 
hair length (A), root hair 
density (B) and total root 
hair length per unit of root 
length (C) with species 
distinguished by col-
our (Secale cereale (G) in 
green, Brassica juncea (B) 
in yellow and Vicia faba (L) 
in blue), and diversity levels 
distinguished by shape (n in 
Species B = 72, G = 72 and 
L = 72; n in diversity level 
1 = 54, 2 = 108 and 3 = 54)
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individual species between root hair length or density 
and specific rhizosheath mass (Table 3), although the 
shorter (< 300 μm) and sparser root hairs in mustard 
bound less soil than the longer (< 300 μm) and denser 
root hairs in field bean and rye (Fig.  7a). This sug-
gests hair density is of greater importance in < 300 
μm long root hairs than proposed. Across all species 
that varied in root hair length (197–1636 μm), over-
all root hair density explained 25% of the variation 
in rhizosheath similar to sorghum (14%—Adu et  al. 
2023) and cowpea (20%—Opoku et al. 2022). While 
root hair length explained more (41%) of the variation 
of specific rhizosheath mass (increasing to 42% when 
combined with root hair density), both variables were 
correlated. When root hair length and density were 
combined into a single variable (total root hair length 
per unit of root length), the variation in specific 
rhizosheath mass accounts for slightly lesser (39%) 

variation than average root hair length alone. This 
suggests that while both traits contribute to rhizos-
heath development, average root hair length may have 
a stronger individual influence compared to average 
root hair density, or that their combined effect does 
not enhance explanatory power beyond average root 
hair length alone. Although average root hair length 
seems the primary driver for rhizosheath formation, 
other factors such as mucilage (Akhtar et  al. 2018; 
Galloway et al. 2022) are likely to also be important.

Interestingly, rye had the greatest total root hair 
length per unit of root length i.e. both the longest and 
most dense root hairs of the three species, a combi-
nation that allows it to provide the most suitable root 
structure for rhizosheath expansion and therefore 
form the largest rhizosheath mass of the three species. 
However, not all variation in rhizosheath mass was 
explained by root hair length and density. Although 

Table 3   Relationships 
between specific 
rhizosheath mass (g cm−1) 
and root hair length (RHL, 
μm) and density (RHD, 
number mm−2), and total 
root hair length per unit of 
root length (RHL mm−1 
root) for each species, 
overall, and the overall 
combined effect of root 
hair length and density 
on specific rhizosheath 
mass with slope, F-value 
and degrees of freedom, 
significance (p < 0.05) and 
coefficient of determination 
(r2) reported

Species RHL (μm) RHD (n mm−2) RHL mm−1 root

Brassica juncea (B) y = 0.08—0.01x
F (1, 69) = 0.01
p = 0.99
r2 = − 0.01

y = 0.1—0.003x
F (1, 70) = 0.71
p = 0.40
r2 = − 0.01

y = 0.08—0.004x
F (1,69) = 0.51
p = 0.47
r2 = − 0.006

Secale cereale (G) y = 0.21–0.01x
F (1, 70) = 0.01
p = 0.95
r2 = − 0.01

y = 0.16—0.005x
F (1, 70) = 0.71
p = 0.48
r2 = − 0.01

y = 0.17 + 0.004x
F (1,70) = 0.09
p = 0.75
r2 = − 0.01

Vicia faba (L) y = 0.46 + 0.05x
F (1, 70) = 0.16
p = 0.68
r2 = 0.01

y = 0.11 + 0.007x
F (1, 70) = 1.27
p = 0.26
r2 = 0.01

y = 0.12 + 0.01x
F (1,70) = 0.92
p = 0.33
r2 = − 0.001

Overall y = 0.04x—0.16
F (1, 213) = 155.50
p < 0.001
r2 = 0.41

y = 0.01 + 0.02x
F (1, 213) = 75.56
p < 0.001
r2 = 0.25

y = 0.06 + 0.03x
F (1,213) = 141.1 p < 0.001
r2 = 0.39

Combined effect y =  − 0.16 + 0.04RHL + 0.002RHD
F (2, 212) = 77.63
p < 0.001
r2 = 0.42

Table 4   Average root hair length (RHL, μm), density (RHD, 
number mm−2) and total root hair length per unit of root length 
(RHL mm−1 root) per species with the standard error of the 

mean in brackets. Species are significantly different from each 
other (p < 0.001) if they do not share a letter

Species n RHL (μm) RHD (n mm−2) RHL mm−1 root

Brassica juncea L. (B) 72 197 (± 7) c 17 (± 1) c 3.5 (± 0.3) c

Secale cereale L. (G) 72 1,636 (± 59) a 42 (± 2) a 71.3 (± 4.6) a

Vicia faba L. (L) 72 545 (± 16) b 26 (± 1) b 15.2 (± 0.9) b
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rye is clearly an important species for binding soil 
compared to field bean and brown mustard, further 
work is needed to clarify the mechanisms by which 
these species bind soil and form a rhizosheath, such 
as through mucilage production.

The greater soil binding capacity of rye, along 
with other above-ground factors, may have facilitated 
its dominance over the other species through better 
access to resources. Root hairs enhance nutrient and 
water acquisition (Haling et  al. 2013; Marin et  al. 
2021; Duddek et  al. 2022) by increasing root-soil 
contact. The long and dense root hairs of rye coupled 
with its fibrous rooting system, which can expand and 
fill the available space, increases the volume of acces-
sible soil, both for resource exploitation and for soil 
binding and retention. This may result in rye’s further 
expansion and ability to outcompete the other species, 
binding more soil in the process. Therefore, select-
ing rye and other cover crop species with similar root 

traits will help retain and protect the soil over the 
winter months.

A key finding here is that the presence of certain 
species dictates the cover crop mixture’s soil binding 
capacity. This highlights the importance of selecting 
cover crops for functional diversity rather than spe-
cies diversity. Mahaut et al. (2020) found that species 
do not contribute equally to ecosystem functioning 
suggesting some play a greater role than others in reg-
ulating a given function, and in the present study rye 
could be considered a key species for improving the 
soil binding capacity of a system. Further, it may be 
possible to design cover crops mixtures for better soil 
binding by selecting for root traits such as root hair 
length and density and root exudation.

The persistence of cover crop rhizosheaths over 
time, particularly after cover crop termination, 
remains largely unknown. Since the rhizosheath 
is a hotspot for plant-soil-microbe interactions, its 

Fig. 8   Example photographs, randomly selected, of root hairs in Brassica juncea (top left), Secale cereale (top right) and Vicia faba 
(bottom left)
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potential to influence soil function beyond the lifes-
pan of the cover crop is of significant interest. Rhizos-
heath-associated bacterial communities could persist 
in the soil and shape microbial dynamics that could 
benefit the subsequent cash crop. These microbial 
legacies may enhance nutrient cycling, soil structure, 
and ultimately benefit productivity of the subsequent 
crop. For example, the extent to which arbuscular 
mycorrhizal associations, which promote soil aggre-
gation and structure formation (Peng et al. 2013), per-
sist after the cover crop and benefit the following crop 
is unknown. Understanding this legacy effect could 
inform better cover crop management strategies to 
optimise long-term soil health.

Beyond beneficial microbial interactions, the role 
of rhizosheaths in interacting with other soil organ-
isms, such as pathogenic microbes, nematodes, and 
invertebrate pests, also remains unknown. Cover 
crops can act as reservoirs for pests and pathogens 
that impact the following crop (Rand et  al. 2022). 
While rhizosheaths may create favourable conditions 
for beneficial microbes, they could also influence pest 
populations or harbour pathogens that impact both the 
cover crop and subsequent cash crops. Future research 
should investigate how rhizosheath formation and 
microbial legacies vary across different cover crop 
species and species mixtures. Exploring whether cer-
tain species combinations enhance beneficial micro-
bial persistence while minimizing pathogen carryover 
could refine cover crop selection not just to protect 
soil during the winter months, but also for optimising 
soil conditions for the following crop. Such insights 
could contribute to more resilient agroecosystems by 
leveraging the biological and structural benefits of 
rhizosheaths beyond the cover crop phase.

In summary, this study contributes novel field 
data on the mass and persistence of the rhizosheath 
and the traits associated with its formation in sev-
eral functionally diverse cover crop species. The 
presence of certain species rather than diversity per 
se is more important in determining rhizosheath for-
mation. While overall rhizosheath mass decreased 
with plant age, rye maintained the largest rhizos-
heath out of the three species regardless of time, 
diversity level or species combination and outcom-
peted brown mustard and field bean. Root morpho-
logical traits in rye, such as its fibrous rooting sys-
tem and long, dense root hairs, make this cover crop 

potentially highly effective at binding soil. Root hair 
length and density explained only moderate to weak 
variation in rhizosheath mass, therefore other fac-
tors like mucilage production or composition are 
likely to be  important. The ability of rye to extend 
and fill the space equally regardless of sowing den-
sity coupled with its extensive soil binding capacity, 
makes this species an excellent choice to include 
in a cover cropping system for soil retention. Fur-
ther research on rhizosheath formation mechanisms 
could enable the design of cover crop mixtures with 
better soil binding by selecting complementary root 
traits such as root hair length, density, and exuda-
tion, while also considering the competitive nature 
of the species. Whether the persistence of cover 
crop rhizosheaths and their associated bacterial and 
fungal communities influence soil function for the 
subsequent crop is unknown and may be an impor-
tant consideration for cover crop selection.

Acknowledgements  This work was funded by the Perry 
Foundation and the James Hutton Institute (JHI) as part of a 
2021–2025 Joint PhD Scholarship. The JHI’s proportion of the 
funding was provided by the Scottish Government’s Rural and 
Environment Science and Analytical Services (RESAS) as part 
of the 2022 - 2027 Strategic Research Programme. We grate-
fully thank Katharine Preedy from BioSS at JHI and Rachel 
Baxter from Lancaster Environment Centre (Lancaster Univer-
sity) for statistical advice, as well as Jack Fletcher and Jacqui 
Brandt from the JHI’s field team for their assistance with field-
work and Molly Brown from the Plant Ecophysiology group 
(JHI) for her expertise in measuring root hairs.

Authors Contributions  Conceptualization, CMS, ICN, JNQ, 
TSG, AJK; Supervision, ICN, JNQ, TSG, AJK; Data curation, 
CMS; Formal analysis, CMS; Investigation, CMS; Methodol-
ogy, CMS, AJK,; Writing—original draft, CMS; Writing—
review and Editing, ICN, JNQ, TSG, AJK.

Funding  This work was funded by the Perry Foundation and 
the James Hutton Institute as part of a 2021–2025 Joint PhD 
Scholarship. The James Hutton Institute’s proportion of the 
funding was provided by the Scottish Government’s Rural and 
Environment Science and Analytical Services (RESAS) as part 
of the 2022–2027 Strategic Research Programme.

Data availability  Raw data that support this study are avail-
able as electronic supplementary material.

Declarations 

Competing Interests  The authors have no relevant financial 
or non-financial interests to disclose.



1141Plant Soil (2025) 514:1127–1142	

Vol.: (0123456789)

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Adu MO, Zigah N, Yawson DO, Amoah KK, Afutu E, Atiah 
K, Darkwa AA, Asare PA (2023) Plasticity of root hair 
and rhizosheath traits and their relationship to phosphorus 
uptake in sorghum. Plant Direct 7:e521. https://​doi.​org/​10.​
1002/​pld3.​521

Akhtar J, Galloway AF, Nikolopoulos G, Field KJ, Knox 
P (2018) A quantitative method for the high through-
put screening for the soil adhesion properties of plant 
and microbial polysaccharides and exudates. Plant Soil 
428:57–65. https://​doi.​org/​10.​1007/​s11104-​018-​3670-1

Aslam MM, Karanja JK, Dodd IC, Waseem M, Weifeng X 
(2022) Rhizosheath: An adaptive root trait to improve 
plant tolerance to phosphorus and water deficits? Plant, 
Cell Environ 45:2861–2874. https://​doi.​org/​10.​1111/​pce.​
14395

Brooker RW, George TS, Homulle Z, Karley AJ, Newton AC, 
Pakeman RJ, Schöb C (2021) Facilitation and biodiver-
sity–ecosystem function relationships in crop produc-
tion systems and their role in sustainable farming. J Ecol 
109:2054–2067. https://​doi.​org/​10.​1111/​1365-​2745.​13592

Brown LK, George TS, Neugebauer K, White PJ (2017) The 
rhizosheath – a potential trait for future agricultural 
sustainability occurs in orders throughout the angio-
sperms. Plant Soil 418:115–128. https://​doi.​org/​10.​1007/​
s11104-​017-​3220-2

Burak E, Quinton JN, Dodd IC (2021) Root hairs are the most 
important root trait for rhizosheath formation of barley 
(Hordeum vulgare ), maize ( Zea mays ) and Lotus japoni-
cus (Gifu). Ann Bot 128:45–57. https://​doi.​org/​10.​1093/​
aob/​mcab0​29

Carminati A, Moradi AB, Vetterlein D, Vontobel P, Lehmann 
E, Weller U, Vogel HJ, Oswald SE (2010) Dynamics of 
soil water content in the rhizosphere. Plant Soil 332:163–
176. https://​doi.​org/​10.​1007/​s11104-​010-​0283-8

Czarnes S, Hallett PD, Bengough AG, Young IM (2000) Root- 
and microbial-derived mucilages affect soil structure and 
water transport. European J Soil Science 51:435–443. 
https://​doi.​org/​10.​1046/j.​1365-​2389.​2000.​00327.x

Delhaize E, James RA, Ryan PR (2012) Aluminium tolerance 
of root hairs underlies genotypic differences in rhizos-
heath size of wheat ( Triticum aestivum ) grown on acid 

soil. New Phytol 195:609–619. https://​doi.​org/​10.​1111/j.​
1469-​8137.​2012.​04183.x

Duddek P, Carminati A, Koebernick N, Ohmann L, Lovric G, 
Delzon S, Rodriguez-Dominguez CM, King A, Ahmed 
MA (2022) The impact of drought-induced root and 
root hair shrinkage on root–soil contact. Plant Physiol 
189:1232–1236. https://​doi.​org/​10.​1093/​plphys/​kiac1​44

Farney JK, Sassenrath GF, Davis CJ, Presley D (2018) Com-
position, Forage Production, and Costs Are Variable in 
Three-Way Cover Crop Mixes as Fall Forage. Crop Forage 
& Turfgrass Mgmt 4:1–7. https://​doi.​org/​10.​2134/​cftm2​
018.​03.​0020

Galloway AF, Akhtar J, Burak E, Marcus SE, Field KJ, Dodd 
IC, Knox P (2022) Altered properties and structures of 
root exudate polysaccharides in a root hairless mutant of 
barley. Plant Physiol 190:1214–1227. https://​doi.​org/​10.​
1093/​plphys/​kiac3​41

George TS, Brown LK, Ramsay L, White PJ, Newton AC, 
Bengough AG, Russell J, Thomas WTB (2014) Under-
standing the genetic control and physiological traits asso-
ciated with rhizosheath production by barley (H ordeum 
vulgare). New Phytol 203:195–205. https://​doi.​org/​10.​
1111/​nph.​12786

Haling RE, Richardson AE, Culvenor RA, Lambers H, Simp-
son RJ (2010) Root morphology, root-hair development 
and rhizosheath formation on perennial grass seedlings is 
influenced by soil acidity. Plant Soil 335:457–468. https://​
doi.​org/​10.​1007/​s11104-​010-​0433-z

Haling RE, Brown LK, Bengough AG, Young IM, Hallett PD, 
White PJ, George TS (2013) Root hairs improve root pen-
etration, root–soil contact, and phosphorus acquisition 
in soils of different strength. J Exp Bot 64:3711–3721. 
https://​doi.​org/​10.​1093/​jxb/​ert200

Haling RE, Brown LK, Bengough AG, Valentine TA, White 
PJ, Young IM, George TS (2014) Root hair length and 
rhizosheath mass depend on soil porosity, strength and 
water content in barley genotypes. Planta 239:643–651. 
https://​doi.​org/​10.​1007/​s00425-​013-​2002-1

Hallama M, Pekrun C, Lambers H, Kandeler E (2019) Hidden 
miners – the roles of cover crops and soil microorganisms 
in phosphorus cycling through agroecosystems. Plant Soil 
434:7–45. https://​doi.​org/​10.​1007/​s11104-​018-​3810-7

Hallett PD, Marin M, Bending GD, George TS, Collins CD, 
Otten W (2022) Building soil sustainability from root–soil 
interface traits. Trends Plant Sci 27:688–698. https://​doi.​
org/​10.​1016/j.​tplan​ts.​2022.​01.​010

Hartnett DC, Wilson GWT, Ott JP, Setshogo M (2013) Varia-
tion in root system traits among African semi-arid savanna 
grasses: Implications for drought tolerance. Austral Ecol 
38:383–392. https://​doi.​org/​10.​1111/j.​1442-​9993.​2012.​
02422.x

Hauggaard-Nielsen H, Johansen A, Carter MS, Ambus P, 
Jensen ES (2012) Strip cropping of alternating perennial 
grass–clover and annual rye–vetch intercrops when grown 
within an organic farming system. Field Crop Res 136:1–
11. https://​doi.​org/​10.​1016/j.​fcr.​2012.​07.​003

Homulle Z, George TS, Karley AJ (2022) Root traits with team 
benefits: understanding belowground interactions in inter-
cropping systems. Plant Soil 471:1–26. https://​doi.​org/​10.​
1007/​s11104-​021-​05165-8

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/pld3.521
https://doi.org/10.1002/pld3.521
https://doi.org/10.1007/s11104-018-3670-1
https://doi.org/10.1111/pce.14395
https://doi.org/10.1111/pce.14395
https://doi.org/10.1111/1365-2745.13592
https://doi.org/10.1007/s11104-017-3220-2
https://doi.org/10.1007/s11104-017-3220-2
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1093/aob/mcab029
https://doi.org/10.1007/s11104-010-0283-8
https://doi.org/10.1046/j.1365-2389.2000.00327.x
https://doi.org/10.1111/j.1469-8137.2012.04183.x
https://doi.org/10.1111/j.1469-8137.2012.04183.x
https://doi.org/10.1093/plphys/kiac144
https://doi.org/10.2134/cftm2018.03.0020
https://doi.org/10.2134/cftm2018.03.0020
https://doi.org/10.1093/plphys/kiac341
https://doi.org/10.1093/plphys/kiac341
https://doi.org/10.1111/nph.12786
https://doi.org/10.1111/nph.12786
https://doi.org/10.1007/s11104-010-0433-z
https://doi.org/10.1007/s11104-010-0433-z
https://doi.org/10.1093/jxb/ert200
https://doi.org/10.1007/s00425-013-2002-1
https://doi.org/10.1007/s11104-018-3810-7
https://doi.org/10.1016/j.tplants.2022.01.010
https://doi.org/10.1016/j.tplants.2022.01.010
https://doi.org/10.1111/j.1442-9993.2012.02422.x
https://doi.org/10.1111/j.1442-9993.2012.02422.x
https://doi.org/10.1016/j.fcr.2012.07.003
https://doi.org/10.1007/s11104-021-05165-8
https://doi.org/10.1007/s11104-021-05165-8


1142	 Plant Soil (2025) 514:1127–1142

Vol:. (1234567890)

Karanja JK, Aslam MM, Qian Z, Yankey R, Dodd IC, Weif-
eng X (2021) Abscisic Acid Mediates Drought-Enhanced 
Rhizosheath Formation in Tomato. Front Plant Sci 
12:658787. https://​doi.​org/​10.​3389/​fpls.​2021.​658787

Kemper R, Bublitz TA, Müller P, Kautz T, Döring TF, Ath-
mann M (2020) Vertical Root Distribution of Different 
Cover Crops Determined with the Profile Wall Method. 
Agriculture 10:503. https://​doi.​org/​10.​3390/​agric​ultur​
e1011​0503

Kemper R, Döring TF, Legner N, Meinen C, Athmann M 
(2022) Root traits in cover crop mixtures of blue lupin 
and winter rye. Plant Soil 475:309–328. https://​doi.​org/​10.​
1007/​s11104-​022-​05366-9

Liu TY, Ye N, Song T, Cao Y, Gao B, Zhang D, Zhu F, Chen 
M, Zhang Y, Xu W, Zhang J (2019) Rhizosheath forma-
tion and involvement in foxtail millet (Setaria italica) root 
growth under drought stress. J Integr Plant Biol 61:449–
462. https://​doi.​org/​10.​1111/​jipb.​12716

Liu J, Zhou Z, Chen H, Han W (2024) Varied root effects on 
soil detachment with growth time and hydrodynamic char-
acteristics. Earth Surf Processes Landf 49:2601–2611. 
https://​doi.​org/​10.​1002/​esp.​5839

Mahaut L, Fort F, Violle C, Freschet GT (2020) Multiple facets 
of diversity effects on plant productivity: Species richness, 
functional diversity, species identity and intraspecific 
competition. Funct Ecol 34:287–298. https://​doi.​org/​10.​
1111/​1365-​2435.​13473

Marasco R, Mosqueira MJ, Fusi M, Ramond J-B, Merlino G, 
Booth JM, Maggs-Kölling G, Cowan DA, Daffonchio 
D (2018) Rhizosheath microbial community assembly 
of sympatric desert speargrasses is independent of the 
plant host. Microbiome 6:215. https://​doi.​org/​10.​1186/​
s40168-​018-​0597-y

Marin M, Feeney DS, Brown LK, Naveed M, Ruiz S, Koeber-
nick N, Bengough AG, Hallett PD, Roose T, Puértolas J, 
Dodd IC, George TS (2021) Significance of root hairs for 
plant performance under contrasting field conditions and 
water deficit. Ann Bot 128:1–16. https://​doi.​org/​10.​1093/​
aob/​mcaa1​81

Mo X, Wang M, Wang Y, Chen X, Zhang A, Zeng H, Zheng 
Y, Kong D, Wang J (2022) Molecular-level characteris-
tics of soil organic carbon in rhizosheaths from a semiarid 
grassland of North China. Soil Biol Biochem 170:108682. 
https://​doi.​org/​10.​1016/j.​soilb​io.​2022.​108682

Mo X, Wang M, Zeng H, Wang J (2023) Rhizosheath: Dis-
tinct features and environmental functions. Geoderma 
435:116500. https://​doi.​org/​10.​1016/j.​geode​rma.​2023.​
116500

Opoku VA, Yawson DO, Asare PA, Afutu E, Kotochi MC, 
Amoah KK, Adu MO (2022) Root hair and rhizosheath 
traits contribute to genetic variation and phosphorus use 
efficiency in cowpea (Vigna unguiculata (L.) Walp). 
Rhizosphere 21:100463. https://​doi.​org/​10.​1016/j.​rhisph.​
2021.​100463

Patrignani A, Ochsner TE (2015) Canopeo: A Powerful New 
Tool for Measuring Fractional Green Canopy Cover. 
Agron J 107:2312–2320. https://​doi.​org/​10.​2134/​agron​
j15.​0150

Peng S, Guo T, Liu G (2013) The effects of arbuscular myc-
orrhizal hyphal networks on soil aggregations of purple 
soil in southwest China. Soil Biol Biochem 57:411–417. 
https://​doi.​org/​10.​1016/j.​soilb​io.​2012.​10.​026

Rahim R, Jahromi OE, Amelung W, Kroener E (2023) Rhizos-
heath formation depends on mucilage concentration 
and water content. Plant Soil. https://​doi.​org/​10.​1007/​
s11104-​023-​06353-4

Rand TA, Allen BL, Campbell JW, Jabro JD, Dangi SR (2022) 
Pests associated with two brassicaceous oilseeds and a 
cover crop mix under evaluation as fallow replacements in 
dryland production systems of the northern Great Plains. 
Can Entomol 154:e27. https://​doi.​org/​10.​4039/​tce.​2022.​14

R Core Team (2023). R: a language and environment for sta-
tistical computing. R foundation for statistical computing, 
Vienna, Austria. Available at: https://​www.R-​proje​ct.​org/. 
Accessed 15 Oct 2024

Rongsawat T, Peltier J-B, Boyer J-C, Véry A-A, Sentenac H 
(2021) Looking for Root Hairs to Overcome Poor Soils. 
Trends Plant Sci 26:83–94. https://​doi.​org/​10.​1016/j.​tplan​
ts.​2020.​09.​001

Tian Q, Lu P, Zhai X, Zhang R, Zheng Y, Wang H, Nie B, Bai 
W, Niu S, Shi P, Yang Y, Li K, Yang D, Stevens C, Lam-
bers H, Zhang W (2022) An integrated belowground trait-
based understanding of nitrogen-driven plant diversity 
loss. Glob Change Biol 28:3651–3664. https://​doi.​org/​10.​
1111/​gcb.​16147

Tilman D, Knops J, Wedin D, Reich P, Ritchie M, Siemann E 
(1997) The Influence of Functional Diversity and Compo-
sition on Ecosystem Processes. Science 277:1300–1302. 
https://​doi.​org/​10.​1126/​scien​ce.​277.​5330.​1300

Walker JA, King JR (2009) Above and below-ground compe-
tition between Kura clover ( Trifolium ambiguum ) and 
meadow bromegrass ( Bromus biebersteinii ): A green-
house study. Can J Plant Sci 89:21–27. https://​doi.​org/​10.​
4141/​CJPS0​8010

Watt M, McCully ME, Canny MJ (1994) Formation and sta-
bilization of rhizosheaths of Zea mays L.: Effect of soil 
water content. Plant Physiol 106:179–186. https://​doi.​org/​
10.​1104/​pp.​106.1.​179

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.3389/fpls.2021.658787
https://doi.org/10.3390/agriculture10110503
https://doi.org/10.3390/agriculture10110503
https://doi.org/10.1007/s11104-022-05366-9
https://doi.org/10.1007/s11104-022-05366-9
https://doi.org/10.1111/jipb.12716
https://doi.org/10.1002/esp.5839
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1186/s40168-018-0597-y
https://doi.org/10.1186/s40168-018-0597-y
https://doi.org/10.1093/aob/mcaa181
https://doi.org/10.1093/aob/mcaa181
https://doi.org/10.1016/j.soilbio.2022.108682
https://doi.org/10.1016/j.geoderma.2023.116500
https://doi.org/10.1016/j.geoderma.2023.116500
https://doi.org/10.1016/j.rhisph.2021.100463
https://doi.org/10.1016/j.rhisph.2021.100463
https://doi.org/10.2134/agronj15.0150
https://doi.org/10.2134/agronj15.0150
https://doi.org/10.1016/j.soilbio.2012.10.026
https://doi.org/10.1007/s11104-023-06353-4
https://doi.org/10.1007/s11104-023-06353-4
https://doi.org/10.4039/tce.2022.14
https://www.R-project.org/
https://doi.org/10.1016/j.tplants.2020.09.001
https://doi.org/10.1016/j.tplants.2020.09.001
https://doi.org/10.1111/gcb.16147
https://doi.org/10.1111/gcb.16147
https://doi.org/10.1126/science.277.5330.1300
https://doi.org/10.4141/CJPS08010
https://doi.org/10.4141/CJPS08010
https://doi.org/10.1104/pp.106.1.179
https://doi.org/10.1104/pp.106.1.179

	Rhizosheath formation and persistence in winter cover crop mixtures in the field
	Abstract 
	Background and Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Field site
	Field measurements
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References


