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Hydrology is a major driver of biogeochemical processes underlying the distinct productivity of different
biomes, including agricultural plantations. Understanding factors governing water fluxes in soil is there-
fore a key target for hydrological management. Our aim was to investigate changes in soil hydraulic con-
ductivity driven by morphologically different root systems of cover crops and their impact on surface
runoff. Root systems of twelve cover crop species were characterized and the corresponding hydraulic
conductivity was measured by tension infiltrometry. Relations of root traits to Gardner’s hydraulic con-
ductivity function were determined and the impact on surface runoff was estimated using HYDRUS 2D.
The species differed in both rooting density and root axes thickness, with legumes distinguished by coar-
ser axes. Soil hydraulic conductivity was changed particularly in the plant row where roots are concen-
trated. Specific root length and median root radius were the best predictors for hydraulic conductivity
changes. For an intensive rainfall simulation scenario up to 17% less rainfall was lost by surface runoff
in case of the coarsely rooted legumes Melilotus officinalis and Lathyrus sativus, and the densely rooted
Linum usitatissimum. Cover crops with coarse root axes and high rooting density enhance soil hydraulic
conductivity and effectively reduce surface runoff. An appropriate functional root description can con-

tribute to targeted cover crop selection for efficient runoff mitigation.
2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

where agricultural soils are more vulnerable compared to grass-
land and forest soils (Yang et al., 2003; Souchere et al., 2003;

Hydrology plays a key role for productivity of different biomes,
including agriculturally used land. Therefore understanding rele-
vant influences on hydrological processes is fundamental for
ecosystem management. Runoff is a key water loss component
with strong impact on crop production, vegetation restoration
and ecosystem services such as water resource conservation
(Gyssels et al., 2005; Valentin et al., 2005). Soil erosion by surface
runoff is recognized as the main process causing land degradation
and desertification (Karamesouti et al., 2015; Mueller et al., 2014).
Worldwide about 90% of agricultural soil is affected by erosion,
while in Europe about 30% are under risk of degradation
(Pimentel et al., 1995; Van der Knijff et al., 2000). Runoff and ero-
sion are essentially influenced by land use and vegetation type,
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Wang et al., 2012).

Runoff initiation is the result of rainfall intensity exceeding soil
infiltrability, thereby leading to temporary saturated conditions at/
near the soil surface (Horton, 1945; Canton et al., 2011). A first
scale of analysis therefore regards soil infiltrability (Hillel, 1980).
Soil structure in the top soil layers is particularly critical as it dom-
inates water transport in the saturated and near-saturated range
(Cresswell et al., 1992) and is strongly management-sensitive
(Bronick and Lal, 2005). Plant roots are key drivers of soil structure
enhancing aggregate formation and stability (Haynes and Beare,
1997; Kavdir and Smucker, 2005) and improving soil shear
strength (Gyssels et al., 2005; De Baets et al., 2008). Root induced
macropores are of particular importance for runoff mitigation
due to their large diameters and high connectivity, enhancing rapid
rainfall infiltration and percolation to deeper soil layers (Cresswell
and Kirkegaard, 1995; Ghestem et al., 2011; Horn and Smucker,
2005; Suwardji and Eberbach, 1998).

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Plant effects on soil structure are species dependent. For annual
plants root diameter was shown to be an important trait for root
induced pore formation, particularly in soil with high mechanical
resistance (Bengough, 2012). Bodner et al. (2014) demonstrated
that legume species with coarse root axes created substantially
more macropores compared to fine rooted species.

At the scale of local to regional hydrological studies, ecohydrol-
ogy (Rodriguez-lturbe, 2000) has substantially increased the
awareness on how vegetation shapes hydrological processes.
Table 1 provides examples of hydrological studies where plant
roots were revealed as key drivers for water flow processes and dif-
ferent components of the water balance.

From Table 1 it can be concluded that plant roots influence all
main water flow processes that determine the hydrological regime,
i.e. runoff, drainage and evapotranspiration. While root distribu-
tion and rooting depth are the key parameters for evapotranspira-
tion (that itself influences runoff and drainage), root morphological
traits such as density and diameter appear more relevant in their
direct effect on runoff, erosion and drainage via changes in soil
hydraulic properties.

In spite of the advance in understanding the importance of
plant roots in small scale root—soil structure interactions and var-
ious hydrological processes, we notice that only few studies com-
bine a quantification of root—soil structure relations with
hydrological consequences of relevance for larger scale water cycle
considerations. Hydrological studies frequently rely on models
where the plant root effect is limited to water uptake without tak-
ing into account root induced modifications of soil hydraulic prop-
erties. Root—soil structure studies on the contrary increasingly
advance toward smaller scales of single root—pore interactions,
while ignoring the potential hydrological importance at the
ecosystem scale.

Particularly for agriculture however such a link is of key impor-
tance: soil erosion from agricultural catchments is a key environ-
mental concern, while management measures strongly impact on
soil structure. Cover cropping has become such a common agricul-
tural tool to improve soil quality and to reduce runoff and soil ero-
sion (Dabney, 1998; Dabney et al., 2001; Hartwig and Ammon,
2002). Most studies interested in runoff and erosion focus on the
role of surface coverage by canopy/mulch (e.g. Gonzalez et al,
2004). Still the cover crop root system is known to essentially
influence structure related soil properties (Kabir and Koide, 2002;
Liu et al.,, 2005; Joyce et al., 2002; Carof et al., 2007; Bodner
et al., 2008) and therefore can play a key role in reducing water
losses by surface runoff.

Our study therefore aims to link the ability of cover crop root
systems to modify soil hydraulic conductivity with the hydrologi-
cal implication of these changes for runoff mitigation from agricul-
tural soils. For this purpose we combined empirical root and soil
structure research through hydrological modeling. Our objectives
were to (i) quantify the extent of root induced changes in soil
hydraulic conductivity by different cover crop species; (ii) analyze
which root system traits most strongly condition soil hydraulic
conductivity; and (iii) estimate the resulting impact on surface
runoff under different rainfall scenarios. The results should demon-
strate the root system contribution to runoff and erosion mitiga-
tion in crop rotations including cover crops for soil protection.

2. Materials and methods
2.1. Study site and experimental design
The study was carried out in a field experiment at the Experi-

mental Station Grob Enzersdorf of the University of Natural
Resources and Life Sciences, situated in Lower Austria (48 14'N,

Table 1

The role of plant roots in hydrological studies at different scales. Studies are ordered by year of publication and by author name within the same year.

Key result

Root parameter

Process/scale

Author/Study type

Root parameterization and model type are essential for accurate modeling of hydrological
cycles; development of improved models requires better databases for parameterization
For rill and gully erosion prevention, roots are equally important than canopy cover

Root distribution, rooting depth

Water uptake/local to regional

Feddes et al. (2001)/Review

Root mass, root density
Root surface area density

Soil erosion/local

Soil erosion

Gyssels et al. (2005)/Review

Root surface area density in top-soil exponentially increased erosion stability in a loess soil

Intense rooting of forest soils enhances structural macroporosity

Zhou and Shangguan (2005)/Experimental
Hayashi et al. (2006)/Experimental

Laio et al. (2006)/Modeling

Presence of roots (qualitative assessment)

Root distribution

Pore size distribution/local

Water uptake/local

Root distribution and water uptake profiles of vegetation in water limited ecosystems are

controlled by mean rainfall infiltration depth

Land use change from deep rooted perennials to shallow rooted annual crops increases the risk

of rising saline water tables

Rooting depth

Water table depth/regional

Pannell and Ewing (2006)/Review

Reduced rooting depth of post fire rangeland vegetation results in increased groundwater

recharge rates

Rooting depth

Groundwater recharge/regional

Seyfried and Wilcox (2006)/Experimental

Dense top soil root systems of native grasses have highest potential to reduce erosion in

Mediterranean erosion prone sites

Root density, root diameter

Soil erosion/local

De Baets et al. (2007a)/Experimental

Catchment flow/regional Rooting depth/root efficiency Rooting depth together with a root efficiency factor is required to assess the role of different
plant types in a new hydrological model

Shen and Phanikumar (2010)/Modeling

Long term catchment water flow is highly sensitive to effective rooting depth

Rooting depth
Rooting depth

Catchment flow/regional

Runoff/local

Donohue et al. (2012)/Modeling
Jost et al. (2012)/Experimental

Tree species that differ in rooting system lead to different runoff responses in the same soil

type

Tree roots funnel water from stem-flow and constitute a preferential path for subsurface water

flow

Root architecture

Preferential flow/local

Schwarzel et al. (2012)/Experimental

Land use types with low root water increase runoff at catchment scale

Root water uptake
Root density

Runoff/catchment

Wang et al. (2012)/Experimental

Yu et al. (2012)/Experimental
Ozturk et al. (2013)/Modeling

Dense root systems contribute to reduced colloidal contaminants in surface runoff

Colloid transport/local

Root depth is a key parameter for coupling land use model and hydrodynamic models

Rooting depth

Catchment flow/regional
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Table 2
Soil properties at the field experimental site.

Horizon Depth (cm) Sand (kg kg %) Silt (kgkg %) Clay (kg kg %) Texture Field capacity (cm®cm 3) Wilting point (cm®cm %)
USDA
A 0-40 0.19 0.55 0.24 SiL 0.32 0.15
AC 40-55 0.23 0.54 0.23 SiL 0.27 0.10
[ >55 0.22 0.62 0.16 SiL 0.25 0.07
Table 3
Cover crop species investigated in the trial, their common names and plant families.
Species Common name Family Seeding rate (kg ha *)
Vicia sativa L. Hairy vetch Fabaceae 90
Secale cereale L., Trifolium incarnatum L., Vicia villosa Roth. Mixture B - 50/15/10
Melilotus officinalis L. Yellow sweet clover Fabaceae 25
Lathyrus sativus L. Grass pea Fabaceae 120
Vicia sativa L., Phacelia tanacetifolium Benth., Sinapis alba L. Mixture A — 50/5/2
Trifolium alexandrinum L. Berseem clover Fabaceae 25
Sinapis alba L. Mustard Brassicaceae 15
Fagopyrum esculentum Moench. Buckwheat Polygonaceae 50
Linum usitatissimum L. Lineseed Linaceae 35
Phacelia tanacetifolia Benth Phacelia Boraginaceae 10
Raphanus sativus var. oleiformis L. Oilseed radish Brassicaceae 15
Secale cereale L. Rye Poaceae 130

16 35E, 156 m asl). The climate is sub-humid with a mean annual
temperature of 9.8 C and a mean annual precipitation of 525 mm
(average 1981-2010). The soil is classified as Chernozem according
to the WRB (1USS, 2006). Basic soil properties are given in Table 2.

The field experiment included twelve species which are gener-
ally used as cover crops and belong to different plant families
(Table 3; Supplementary Fig. S1). Cover crops are annual, biennial
and perennial species grown on to protect the soil and to amelio-
rate its fertility (Hartwig and Ammon, 2002). They contained spe-
cies with different proposes in cover cropping such as groundwater
protection from nitrate leaching (mustard family, Brassicaceae),
organic matter input (grass family, Poaceae; flax family, Linaceae),
enhanced soil biological activity (pea family, Fabaceae) and quick
establishment to protect the soil surface against runoff (buckwheat
family, Polygonaceae; borage family, Boraginaceae). According to
Kutschera et al. (2009) it could be expected that the investigated
species have sufficient variability in their root system properties.

The experimental design was a randomized complete block
design with three replications. Plot size was 4.5 m? and seeding
dates 28th July 2011 at a row spacing of 12 cm. Previously to cover
crop seeding, the field was cropped with winter wheat which was
harvested on 10th July and thereafter stubble tilled with a chisel
plow to a soil depth of 10 cm. Following the common agricultural
practice in the region, with cover crops mainly used for uptake of
excessive post-harvest NOz-N from the soil to protect groundwa-
ter, no fertilization was applied to the cover crops. Rainfall during
the cover crop growing period (28th July to first frost on 22nd
November) was 140.2 mm compared to 180 mm long-term aver-
age. While August had higher precipitation, September and
November were clearly drier compared to long-term averages
(1981-2010). Mean monthly temperature during the growing per-
iod decreased from 20.9 Cin Augustto 2.9 Cin November, with a
base temperature for plant growth above 5 C until 10th of
November.

2.2. Root sampling and analysis

Root samples were taken by the soil-core method (Bohm, 1979)
using 250 cm® metal cylinders at the end of the cover crop vegeta-
tion period when most species had reached their maximum
growth before winter (sampling date 14th November; 110 days

after sowing). Sampling depth (2.5-7.5 cm) corresponded to the
average observed depth to which the infiltration front advanced
during tension infiltrometer measurements, varying between
4.6 cm and 11.3 cm. Hydraulic properties and root traits were thus
representative for the surface near layer with highest rooting den-
sities and most relevant for soil erodability. Three subsamples per
plot (one in the seeding row directly on the plant and two from the
inter-rows at each side of the plant) were taken resulting in a total
number of 108 sampling points. Analysis of root morphological
parameters was done following Himmelbauer (2004) using WinR-
hizo 4.1 (Regent Instruments, Quebec). Following measurement of
root morphological parameters, root dry mass was determined
after drying to constant weight at 60 C. From the basic root traits
we derived parameters of a lognormal root volume distribution
function. This function was shown to effectively differentiate
among root systems of different species by Scanlan and Hinz
(2010). Furthermore we assumed that root volume distribution
over radius could be particularly relevant to capture root impacts
on the soil pore system.

2.3. Infiltration measurements

Infiltration experiments were conducted between 25th October
and 15th November 2011 using a tension infiltrometer (Soil Mea-
surement Systems Inc., Tucson, AZ) with a 20 cm diameter disk.
The position of infiltration measurements was next to the root
sampling position, i.e. from the three measurements per plot one
was done directly on the plant row and two in the inter-rows.
The procedure followed (Reynolds and Elrick, 1991). A nylon mesh
to avoid macropore clogging and a fine layer of quartz sand (diam-
eter: 0.08-0.2 mm) to ensure good hydraulic contact were placed
between the disk and the soil. The supply pressure heads were

15, 5,and 1cm. Each infiltration experiment lasted between
60 and 80 min to reach steady state infiltration at the different
supply pressure heads. Before each infiltration measurement, soil
samples (2.5-7.5 cm soil depth) were taken with steel cores
(250 cm®) in the vicinity of the measurement location to obtain
the initial water content, bulk density and total porosity.

Following Reynolds and Elrick (1991) Ky, was derived for the end
points of measurement (i.e. 15and 1cm) and at the midpoints
between two adjacent supply pressure heads (i.e. 10cm and
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6 cm). Based on these data pairs of Ky, vs. h we then derived the
parameters of Gardner’s exponential model (Gardner, 1958) pro-
viding a continuous soil hydraulic conductivity function:

Kdhp ¥4 Ksexpda hp ol1p

h is the pressure head (cm), K; is the saturated hydraulic conductiv-
ity cmh 1), and a (cm ?) is the sorptive number. So the K, can be
calculated by the Gardner’s exponential model. Parameters (Ks and
a) were obtained by fitting Eq. (1) to the measured K, vs. h data-
pairs using a nonlinear fitting procedure with a Levenberg Mar-
quardt optimization algorithm in SAS (PROC NLIN).

2.4. Simulation of runoff under different scenarios

In order to estimate the impact of root induced changes of soil
hydraulic conductivity on surface runoff, we used HYDRUS 2D
(Simunek et al., 1998). HYDRUS 2D calculates saturated and unsat-
urated water flow based on a numeric solution of Richards’ equa-
tion. For running the simulation, it is necessary to parameterize a
hydraulic property model supplied by the HYDRUS software. As
Gardner’s hydraulic conductivity model is not implemented, we
selected the commonly used seven parameter (hs saturation water
content; h, residual water content; a, n, m shape parameters with
m=1 1/n; | tortuosity parameter; K, saturated hydraulic conduc-
tivity) Mualem—Van Genuchten model (Van Genuchten, 1980). For
1 (0.5; Mualem, 1976) and h, (0.067) default parameters of silt loam
were used. Also for the parameter n we used a single value for all
species. The parameter n shapes the form how the retention curve
approaches h,. We assume that this range of small pores is more
influenced by texture compared to structure and thus less influ-
enced root induced processes. The value of n was derived by fitting
the Van Genuchten retention model to data-pairs of h vs. h mea-
sured with a pressure plate apparatus from soil cylinder samples
taken at the experimental site. Focusing on runoff, the most critical
parameters are those strongly shaping the functional form of the
hydraulic model at and near saturation, being hg, Ks and a. Follow-
ing the statistical evaluation, for these parameters specific values
were attributed which were directly derived from field measure-
ments. hy was calculated from measured bulk density by

he%1 % where dy is bulk density (gcm °) and 2.65 (gcm ®)
is the particle density of quartz. K was taken equal K in the Gar-
dener function (Eqg. (1)), while the Van Genuchten a was derived
from Gardner’s a according to a conversion method developed by
Ghezzehei et al. (2007). Their concise conversion formula relates

the a-parameters of both functions by the following:
asa, 1:3n 32p

where ag and a,g are the respective a-parameters from Gardner and
Van Genuchten (cm 1), while n is a dimensionless shape parameter
of the Van Genuchten model.

For hs, Ks and a, the values used in the simulation were specific
for each cover crop species and for row and inter-row position
respectively. However we limited the different hydraulic proper-
ties to the top soil (0—10 cm), while the same hydraulic parameters
(HYDRUS default parameters for silt loam soil) were used for the
subsoil below 40 cm soil depth. In between the uppermost layer
and the subsoil we defined a transition layer with parameters
equal the average of the top- and sub-soil values.

The upper boundary was defined as atmospheric boundary con-
ditions while the lower boundary was simulated as deep drainage
with a unit gradient. Simulation time was 72 h. Two runoff scenar-
ios were simulated. The first consisted of an intensive rainfall of
20 mm h ! falling initially on an dry soil with an initial pressure
head of h= 300cm in the topsoil. The second scenario was a
longer rainfall over 12 h with a total amount equal to 20 mm and

a peak intensity of 5mmh * falling on an initially wet soil
(h= 100cm). These scenarios typically represent two distinct
hydrological situations relevant for runoff generation in the region.

2.5. Statistical evaluations

Statistical data evaluation was performed in SAS by analysis of
variance using a mixed linear model (Piepho et al., 2003). Repeated
factors were pressure head and neighboring sampling positions
(i.e. row and inter-row) which were described in the analysis of
variance by fitting an unstructured correlation model (Piepho
et al., 2004). In case of significant effects at p 6 0.05 in the analysis
of variance, comparison of means was performed using a two-
sided t-test.

For root system characterization we also applied a multivariate
approach based on principal component analysis and clustering.
These methods were suggested for functional root system classifi-
cation and are described in detail by Bodner et al. (2013a). Regres-
sion analysis with stepwise maximum R? selection was used to find
significant root predictor variable for soil properties (hydraulic
conductivity parameters, simulated runoff).

3. Results
3.1. Root characterization

Table 4 shows the root morphological traits of the twelve cover
crop species. All root parameters showed significant differences
between row and inter-row. As expected, root systems were den-
ser in the row (higher RLD). Also parameters related to the thick-
ness of root axes (RD, SRL, MRR) were higher in the row,
evidencing the higher number of thicker primary axes. The more
intense branching toward finer lateral axes in the inter-row is also
expressed by a high coefficient of variation of root length over
diameter which indicates more heterogeneous axes types in terms
of their thickness.

Most root parameters showed a significant species main effect,
while SRL, RV and MRR had a significant interaction between spe-
cies and sampling position. In order to obtain a more comprehen-
sive picture of common rooting types among species, multivariate
clustering based on all variables given in Table 4 was used. Fig. 1
shows the species clusters for the row and inter-row position.

There are three main distinctive clusters. In the row the first
cluster contains all legume species as well as the legume based
mixture. These species share a lower rooting density while their
single axes are of higher thickness. The second cluster contains
the crucifer species (mustard, radish) as well as phacelia, rye and
buckwheat which have a denser and more fine-root dominated
system. Lineseed and the mixture of mustard—phacelia—vetch
formed a separate cluster due to their high rooting density as
expressed particularly in RLD and RV. Contrary to the legumes,
these species form a high RV due to the high density of root axes,
while legumes build their RV mainly via high diameter with lower
density of root axes.

In the inter-row the species differentiation was less evident. The
intermediate group was dominant, while the remaining two sepa-
rate clusters contained less species. The legume cluster with root
systems dominated by thick single axes reduced to Vicia sativa
and Lathyrus sativus, while the separate density dominated cluster
was constituted by Linum usitatissimum only.

3.2. Soil hydraulic conductivity

Table 5 resumes the soil hydraulic conductivity at different sup-
ply pressure heads measured by tension infiltrometry for the dif-
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Table 4
Cover crop root system traits for different positions (row vs. inter-row) and species.
RLD (cmcm 2) RD (mm) SRL (mg %) cV (9 RV (cm® 10 3) MRR (mm)

Species (S) <0.001 <0.001 <0.001 <0.001 <0.001 0.719
Position (P) <0.001 0.002 <0.001 0.050 <0.001 <0.001
S P 0.059 0.355 <0.001 0.172 <0.001 0.022
Position

Row 5.36 0.37 79.6 212 5.88 0.41
Inter-row 3.14 0.35 195.9 218 2.26 0.24
s.e.d. 0.38 0.01 322 0.09 091 0.08
Species

V. sativa 3.57 0.47 733 1.95 531 0.31
Mixture 1 6.64 0.36 130.2 1.96 752 0.32
M. officinalis 1.88 041 57.1 191 256 0.33
L. sativus 3.04 0.49 80.5 1.96 5.79 0.34
Mixture 2 331 0.35 97.2 2.10 3.32 0.37
T. alexandrinum 2.69 0.39 118.3 1.97 3.81 0.35
S. alba 4.05 0.28 1945 2.49 272 0.33
F. esculentum 1.79 0.34 200.4 2.28 1.77 031
L. usitatissimum 11.02 0.31 2124 2.35 6.83 0.21
P. tanacetifolia 571 0.29 1845 2.38 3.82 0.30
R. sativus 4.87 0.30 161.9 2.35 3.28 0.32
S. cereale 241 0.33 142.5 2.07 2.05 0.28
sed. 0.98 0.03 10.8 0.03 0.32 0.02

RLD Root length density; RD root diameter; SRL specific root length, CV Coefficient of variation of root length over diameter classes (homogeneity of root diameters), RV Root

volume (from lognormal distribution of volume over root radius), MRR Median root radius (from lognormal distribution of volume over root radius).

(a) Row

Vicia
Lathyrus
Melilothus
Trifolium
Mixture B

Sinapis
Fagopyrumﬁ—
Raphanus
Phacelia:l
Secale
Mixture A
Linum
0.0 01 02 03 04 05 06 0.7 0.8 09 1.0 1.1

(b) Interrow
Vicia —
Lathyrus ——

Mixture A :
Mixture B
Melilothus :_
Secale
Trifolium
Fagopyrum I
Phacelia
Raphanus —
Sinapis
Linum

0.0 01 02 0.3 04 05 06 0.7 08 09 1.0 11 12 13 14

Distance between cluster centroids

Fig. 1. Dendrogramm showing similar root system types among cover crop species
based on the cluster analysis using root traits given in Table 3 for row (a) and inter-
row (b).

ferent species and positions. Statistical analysis revealed a signifi-
cant interaction between species and position (p < 0.001).

Table 4 reports the single values at each pressure head, while
comparison of means for the species  position interaction is given
for the average over all pressure heads in the last column (the
interaction of species position pressure head was non-
significant with p = 0.582).

Species with significantly higher Ky, in the row compared to the
inter-row were Melilotus officinalis, L. sativus, Mixture 2, Trifolium
alexandrinum, L. usitatissimum and Secale cereale. Among the spe-
cies, the differentiation in K, was higher in the row (CV =0.37)
compared to the inter-row (CV =0.30). In the row the legumes as
well as L. usitatissimum commonly induced an average high Ky,
while the brassicas together with S. cereale and Mixture 1 had
low values. In the inter-row there was no evident distinction in
K, between plant families. Some legume species with high K, in
the row had a rather low value in the inter-row such as M. offici-
nalis or T. alexandrinum as well as the legume based Mixture 2. In
the inter-row Phacelia tanacetifolia and V. sativa had the highest
K, while L. usitatissimum showed high K, in both the row and
inter-row.

We then derived the two parameters of the exponential Gard-
ner model to describe the entire k;, curve. Results are shown in
Table 6.

Both parameters showed a significant interaction of
species position and had higher values in the row than in the
inter-row. Among species V. sativa, M. officinalis and L. sativus
had both very high K and a values, while Sinapis alba and Mixture
1 were at the lower end in both parameters. For phacelia and
Raphanus sativus the value of a was in very low range, while they
had an intermediate K.

3.3. Plant root—hydraulic conductivity relations

Based on the parameters characterizing the root systems and
the soil hydraulic conductivity function, we analyzed which root
trait provides the best predictor for hydraulic conductivity (Fig. 2).

In the row, specific root length (SRL) was the best root predictor
for Ks and a, being negatively related to both parameters, i.e. spe-
cies with a predominant root biomass investment in coarse root
length enhanced saturated hydraulic conductivity while showing
a quick decrease of the K;, function toward lower pressure heads.
In the inter-row the best root predictor for the Gardner parameters
was the median root radius (MRR). Interestingly at this position
MRR showed a negative relation to the hydraulic conductivity
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Table 5
Soil hydraulic conductivity (K;) at different pressure heads (h= 15, 10, 3, 1cm) measured by tension infiltrometry.S P shows results of the comparison of means for the
significant species—position interaction.
Species Kis (cmh 1) Ko (cmh 1) Ks (cmh 1) Ky (cmh 1) S P
Row Inter-row Row Inter-row Row Inter-row Row Inter-row Row Inter-row
V. sativa 0.24 0.22 0.39 0.40 4.26 2.98 13.13 9.24 bcA abA
Mixture 1 0.15 0.05 0.27 0.19 2.46 2.13 7.46 5.94 bcA cA
M. officinalis 0.19 0.17 0.40 0.26 5.60 1.45 23.36 3.02 aA cB
L. sativus 0.31 0.21 0.60 0.37 573 2.46 20.32 6.18 aA abB
Mixture 2 0.26 0.16 0.49 0.28 4.47 1.87 15.32 3.94 abA bcB
T. alexandrinum 0.32 0.23 0.64 0.39 5.23 2.20 14.36 4.78 aA bB
S. alba 0.30 0.24 0.52 0.43 1.99 272 3.16 6.28 cA abA
F. esculentum 0.29 0.23 051 0.40 4.00 215 10.66 4.50 bA bB
L. usitatissimum 0.33 0.24 0.64 0.41 5.29 3.03 15.08 8.38 aA abB
P. tanacetifolia 0.24 0.21 0.48 0.40 3.48 3.62 8.46 10.42 bcA abA
R. sativus 0.20 0.20 0.38 0.34 3.44 227 11.35 5.73 bcA abA
S. cereale 0.26 0.19 0.47 0.33 4.15 2.69 12.25 7.37 bA abB
Table 6 agreement with the Gardner model. The fitted retention curve used

Parameters of Gardner’s soil hydraulic conductivity function (cf. Eq. (1); K is
saturated hydraulic conductivity, a is the sorptive number) as influenced by cover
crop species and measurement position (row vs. inter-row).

Ks (cmh 1) am Y

Species (S) 0.160 0.111
Position (P) <0.001 <0.001
S P 0.037 0.004
Position

Row 23.22 0.49
Inter-row 10.08 0.26
s.e.d. 255 0.02
Species

V. sativa 19.93 0.40
Mixture 1 11.91 0.30
M. officinalis 25.72 0.45
L. sativus 24.82 0.42
Mixture 2 17.66 041
T. alexandrinum 15.43 0.41
S. alba 6.71 0.25
F. esculentum 11.92 0.38
L. usitatissimum 19.19 0.41
P. tanacetifolia 14.84 0.34
R. sativus 15.14 0.35
S. cereale 16.57 0.39
s.ed. 5.97 0.07

descriptors, i.e. species with their root volume allocated to coarser
axes here tended to reduce K while showing a lower decrease of K,
toward smaller pores.

3.4. Root impact on runoff mitigation

In order to analyze the potential impact of root induced
modifications of soil hydraulic conductivity, surface runoff was
estimated by HYDRUS 2D. Fig. 3 shows the soil hydraulic property
parameters calculated to run the HYDRUS simulation.

The Gardner exponential model estimates higher K, values in
the wet range while decreasing quickly toward the dry range.
The Mualem—Van Genuchten hydraulic conductivity function on
the contrary quickly falls below the saturated conductivity while
the function then decreases more smoothly toward lower pressure
heads. The cross-over between the average hydraulic conductivity
functions based on K and Gardner’s vs. Mualem—Van Genuchten’s
a is at a pressure head value of about h = 0.1 m. Below this cross-
over point the tension infiltrometer measurement points in the
near saturated range are nearer to the Mualem—-Van Genuchten
function, while at higher pressure heads they are in better

to derive a common n-value is shown at the right side of Fig. 3 and
matched well with the pressure plate data.

Fig. 4 shows the runoff simulation result when using the dis-
tinct row and inter-row hydraulic properties corresponding to
the different cover crop species. In each scenario the cumulative
rainfall was 20 mm over 72 h, with scenario 1 representing high
intensity rainfall (intensity =20 mm h %) on a dry soil, while Sce-
nario 2 was a more extended rainfall (maximum inten-
sity =5 mmh 1) on an initially wet soil.

As expected the intense rainfall scenario resulted in higher run-
off losses and for all species, while under reduced rainfall intensity,
soil infiltrability under most cover crops was high enough to take
up all incoming precipitations. The low hydraulic conductivity of
soil planted with S. alba showed highest runoff with nearly 50%
of total rainfall lost. L. sativus on the contrary exhibited the lowest
runoff losses with only 31% of incoming rainfall. In case of high
intensity rainfall the root effect on K is predominant explaining
79% of variability in the estimated amount of runoff. We used root
principal component 2 as a comprehensive descriptor of traits
related to root axes thickness (SRL, MRR, RV) with a positive value
describing root systems with high root volume of predominantly
coarse axes. The amount of runoff was reduced by such rooting
types which is expressed by the average lower runoff under
legumes. However, also the very dense high volume root system
of L. usitatissimum efficiently mitigates runoff. Under less intensive
rainfall only five species had runoff higher 1% of incoming rainfall
with peak values for S. alba, Fagopyrum esculentum and M. offici-
nalis. Here the limiting factor appeared to be related to a instead
of Ks, where the inter-row showed the strongest relation
(R? = 0.60, p = 0.03) with higher a values constraining infiltrability.
The relation to root axes thickness expressed by the composite
principal component descriptor was similar to the high intensity
scenario, but following an exponential trend.

4. Discussion

Mitigation of surface runoff and soil erosion is a key problem for
sustainable soil use (Zuazo and Pleguezuelo, 2008). Runoff and ero-
sion critically depend on the soil infiltrability. Hillel (1980) gives
five factors controlling infiltrability, i.e. time from the onset of rain,
initial water content, soil hydraulic conductivity, soil surface con-
ditions (porous vs. crusted), and impeding layers in the soil profile.
As soon as rainfall input exceeds soil infiltrability, water can be lost
by runoff. Management driven soil properties conditioning infiltra-
bility are macroporosity and pore continuity (e.g. Lipiec et al.,
2006; Shaver et al., 2002), plant and mulch coverage (e.g. Bodner
et al., 2008; Stern et al., 1991), stability of surface aggregate struc-
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Fig. 3. Soil hydraulic functions used for runoff simulation with HYDRUS 2D. Left figure: Example of a representative hydraulic conductivity curve (mean of all measurements
and standard deviation) using the Gardner and Mualem—-Van Genuchten functions compared to point measurements; right figure: Van Genuchten retention curve estimated

from pressure plate data using RETC.

ture (e.g. Barthes and Roose, 2002; Lado et al., 2004) and surface
roughness (e.g. Darboux and Huang, 2005; Lampurlanés and
Cantero-Martinez, 2006).

In our study we investigated the effects of different root sys-
tems of cover crops on soil hydraulic conductivity and estimated
the related influence on surface runoff. A high drainage capacity
of the surface soil under saturated/near saturated conditions via
enhanced inter-macroaggregate porosity (e.g. root and earthworm
induced biopores) is a central target of soil management at erosion
prone sites (Capowiez et al., 2009; Hangen et al., 2002; Dexter and
Richard, 2009).

Tension infiltrometry provides an appropriate technique for
field based assessment of water transport in the structure domi-
nated pore domain. As shown by Reynolds et al. (1995) tension
infiltrometer based K, values reflect flow averaged effective pore
properties representing both pore radius and pore geometry. Our
data demonstrated that there was a distinct influence of root sys-
tems on the pore space thereby conditioning soil hydraulic conduc-
tivity. The substantial variability of hydraulic conductivity with
differences up to 87% near saturation under the differently rooted
cover crop species clearly revealed that roots are relevant drivers of
the dynamic structural pore system. This underlines the need to

consider the dynamic nature of soil hydraulic properties when
modeling soil water transport (Schwen et al., 2011).

Bodner et al. (2014) found different pore size classes to be influ-
enced by root systems with different morphology. Also in our
study legumes with a predominance of coarse root axes had the
strongest effect on soil hydraulic conductivity, obviously enhanc-
ing coarse pore channels which essentially drive the overall flux
potential of the soil matrix (Uteau et al., 2013). Beyond root thick-
ness, however there seems to be also an overall role of root volume
which is expressed by the similarly high K under L. usitatissimum
with similar total root volume compared to legumes, but in this
case due to very high density and not high axes diameter. Still
there was an unexpected difference in the effect of coarser root
systems for the row and inter-row position. Indeed several root
systems showed contrary effects on soil hydraulic conductivity in
and between rows in spite of strong similarity in several root
descriptors such as average diameter, which was particularly evi-
dent for Melilotus officinialis and T. alexandrinum. Nuttall et al.
(2008) demonstrated that differences in root induced pore systems
are related to root branching. Assuming different orientation of
coarse axes with a more vertical shape of zero order primary roots
and a more horizontal shape of first order laterals might induce
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anisotropic pore orientation and thereby explain different effects
on hydraulic behavior during water infiltration.

Within a crop production system there are several biotic (e.g.
roots), abiotic (e.g. wetting—drying) and human induced (e.g. til-
lage) factors influencing pore dynamics and hydraulic properties
(e.g. Mapa et al., 1986). The relative importance of single factors
depends on their energy to modify the soil structure. Therefore
mechanical effects of tillage generally overlay natural influences,
except for no tillage systems (Bodner et al., 2013b). Higher tillage
intensity prior to cover cropping compared to a chisel plough, as
used in our experiment, would have changed the initial pore con-
figuration. Still Bodner et al. (2014) considered a main mechanism
of cover crop roots to be stabilization of mechanically loosened soil
which otherwise would quickly settle. Thus we expect that in more
intensive tillage systems, with higher initial porosity, this stabiliz-
ing effect of roots also can be found.

Due to the distinct influence of root systems on soil pores and
aggregates, they can have a high functional role for runoff mitiga-
tion and should be considered when designing agricultural mea-
sures dedicated to sustainable soil use such as cover cropping.
Zhou and Shangguan (2005) remarked that runoff and sediment
yield were particularly reduced by grasses with high root surface
area density. According to Bochet’s study (2006), plants with low
root density were not effective in reducing concentrated flow ero-
sion rates even if they prove good aboveground coverage. Thus also
for cover crops, this would suggest to go beyond plant residue
effects on soil surface properties (e.g. roughness; Battany and
Grismer, 2000) and include roots when looking for species effective
in runoff mitigation. Our results demonstrated that not only root-
ing density, but also root axes thickness is of high relevance due to
the distinct role of macropores on soil hydraulic conductivity
induced by such coarse roots. Although the strongest relation to
runoff was found for root traits related to axes thickness, overall
rooting density can also play a relevant role as shown in L. usitatis-
simum. Root volume might therefore be an appropriate trait to
select species with adapted root systems for enhanced soil infiltra-
bility as this trait can be made up by either high average diameter
or high overall length (De Baets et al., 2007b; Gyssels and Poesen,

2003; Zhou and Shangguan, 2005). The importance of root length
density for runoff and erosion mitigation might be more related
to the stabilization of soil aggregates (e.g. by enmeshment;
Barthes and Roose, 2002; De Gryze et al., 2006; Six et al., 2004)
rather than rainfall infiltration through high drainage pores. In a
modeling study De Baets et al. (2006) found an exponentially
decreased erosion rate with increasing root density. In our study,
root axes thickness also resulted in an exponential decrease in run-
off in case of longer rainfall duration, which in case of limited drai-
nage via coarse pore channels would lead to saturated conditions
and runoff initiation. Under field conditions it is likely that both
pathways of root—soil structure interactions together, i.e. aggregate
stabilization via density and drainage pores via high diameter axes,
make an intensity rooted soil more resistant to water and soil
losses by runoff and erosion.

Our study indicates that the efficiency of cover crops to reduce
soil erosion can be enhanced when considering root traits effec-
tively conditioning soil hydraulic conductivity. An appropriate
functional root description of species is therefore of high impor-
tance to increase a targeted use of plant species in management
of soil sustainability.

5. Conclusion

Our study demonstrated the influences of different cover crop
root systems on soil hydraulic conductivity. We showed that for
annual plants such as cover crops root axes thickness as expressed
by specific root length or median root radius is particularly impor-
tant to improve soil structural properties. Legume species showed
the highest increase in soil hydraulic conductivity in the saturated/
near saturated range. However, also species with very high root
length such as L. usitatissimum had similar effects, suggesting that
the root induced changes are related to an overall high root/rhizo-
sphere influenced pore volume. Beside root morphology, the dis-
tinct effect of similar root traits in the row and inter-row
position indicated that also root architecture can be relevant due
to its effect on the vertical vs. horizontal orientation of root
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induced biopores. Change in soil hydraulic parameters by cover
crop roots importantly contributes to runoff mitigation, particu-
larly under high intensity rainfall scenarios. M. officinalis, L. sativus
and L. usitatissimum were most effective species to reduce runoff,
while S. alba and F. esculentum might result in higher losses. We
therefore conclude that improved cover crop management has to
consider the functional role of different root systems in order to
increase the impact of this management tool on sustainable soil
and water management.
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