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Root growth and presence of Rhizophagus irregularis
distinctly alter substrate hydraulic properties in a model
system with Medicago truncatula
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Abstract
Aim We investigated how substrate hydraulic properties
respond to the presence of arbuscular mycorrhizal fungi
(AMF) in root-containing and root-free substrate zones
in a Medicago truncatula-Rhizophagus irregularis
model system.
Methods Before planting, two compartments construct-
ed from standard soil sampling cores (250 cm3) were
implanted into non-mycorrhizal and mycorrhizal pots
containing a sand-zeolite-soil mix. One compartment
allowed root penetration (1 mm mesh cover) and the
other only hyphal ingrowth (42 μm mesh cover). After
eight weeks of growth under maintenance of moist con-
ditions, the cores were subjected to water retention mea-
surements. Additionally, we measured water retention of
bare substrates before and after drying events to check
for successful maintenance of moist conditions in pots.
Results Drying of bare substrates decreased water re-
tention, but planting at least sustained it. The parameters

of water retention models responded linearly to root
morphological traits across mycorrhizal and non-
mycorrhizal substrates. Hyphae-only colonization com-
paratively affected the course of water retention in ways
that suggest increased pore space heterogeneity while
maintaining water storage capacity of substrates.
Conclusions Hence, water contents corresponded to
different substrate matric potentials in non-mycorrhizal
and mycorrhizal pots. We conclude that changes to
water retention in AMF colonized substrates can con-
tribute to a widely observed phenomenon, i.e. that my-
corrhizal plants differ in their moisture stress response
from non-mycorrhizal plants.
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Introduction

Research on arbuscular mycorrhizal symbioses repeat-
edly reported that non-mycorrhizal plants and plants
colonized by arbuscular mycorrhizal fungi (AMF)
show distinct water consumption rates and physiologi-
cal responses to certain moisture levels in the atmo-
sphere and soil (Augé 2001, 2004; Augé et al. 2015;
Bitterlich et al. 2019). The mechanisms responsible for
changed water relations in the mycorrhizal scenario are,
however, not as persuasively proven as those for nutri-
ent delivery. While water molecules only accessible to
AMF hyphae are found in higher quantities within
mycorrhizal as compared to non-mycorrhizal plants
(Püschel et al. 2020), the physiological relevance of
direct hyphal water delivery has been judged equivo-
cally (Allen 2007; Friese and Allen 1991; George et al.
1992; Püschel et al. 2020; Raven and Edwards 2001).
However, a common finding is that plants engaged in
arbuscular mycorrhizal symbioses deplete water from
soils at higher rates and that physiological adjustments
set in at different moisture levels than in plants that
have not formed this symbiosis (Augé 2001; Augé et al.
2015). Technological advancements have allowed to
prove that arbuscular mycorrhizal plants indeed differ
from their non-mycorrhizal counterparts in their physi-
ological and metabolic response to soil moisture, some-
times indicating a higher metabolic capacity to cope
with water stress or to take up water (Aroca et al. 2007;
Bárzana et al. 2014; Bitterlich et al. 2018c; Porcel et al.
2006; Porcel and Ruiz-Lozano 2004; Ruiz-Lozano
et al. 1995; Zou et al. 2019).

In addition to hyphal water delivery and modulations
in plant physiology by AMF, another trait may contrib-
ute to altered plant water relations in mycorrhizal plants.
The mechanism could be found beyond the root zone.
Indeed, the presence of AMF in soils or substrates may
influence the physical constraints to water movement
through the soil/substrate matrix and towards the roots
(Augé et al. 2001; Bitterlich et al. 2018a). Since water
flow is constrained to the pore space between solid
particles, any rearrangement of soil particles and modu-
lations in the wetting properties of the solid phase is
expected to affect water extractability from and trans-
port throughout the soils. Roots and soil fungi as mem-
bers of the soil biota are considered integral contributors
in a self-organizing system that modulates soils towards
more porous, ordered and aggregated habitats with dis-
tinct (water) transport properties (Burr-Hersey et al.

2020; Feeney et al. 2006; Miller and Jastrow 2000; Ritz
and Young 2004; Tisdall and Oades 1982). Yet, there is
little direct experimental evidence of how strongly mac-
roscopic soil hydraulic properties respond to AMF and
whether such potential changes merit attention when
plant moisture stress responses are studied (Bitterlich
et al. 2018b; Querejeta 2017).

At the same time, there are numerous indirect indi-
cations that AMF influence the hydraulic properties of
soils. One important is that AMF cause morphological
responses of root systems (Berta et al. 1990; Gamalero
et al. 2004; Wu et al. 2010). The growth and activity of
root systems will lead to the formation of a highly
connected biopore system and will determine the extent
of clogging when roots grow into existing pores
(Bodner et al. 2014; Głąb et al. 2013; Lucas et al.
2020; Wiersum 1957). When roots grow, they exert
mechanical strength and move adjacent soil particles to
accommodate their size increment (Bengough and
MacKenzie 1994; Vollsnes et al. 2010). In order to
grow, roots exude organic compounds into the adjacent
pore space. The secretion of mucilage facilitates lubri-
cation and reduces friction at the root-particle interface
(Iijima et al. 2004). Components of the mucilage can
lower the surface tension of water and mucilage pre-
serves liquid bridges in the rhizosphere that maintain
root-soil contact and a zone of high water content
around roots (Ahmed et al. 2014; Burr-Hersey et al.
2020; Carminati et al. 2017, 2010; Helliwell et al.
2019; Kroener et al. 2018; Moradi et al. 2011; Read
et al. 2003). Root-induced particle movement and exu-
dation act jointly to aggregate soil particles within the
root-influenced zone. Particle-particle contacts increase
in the surrounding soil which are then glued together
and stabilized against disintegration by the sticky and
repellent properties of the plant-derived organic material
(Ahmed et al. 2016; Hallett et al. 2003; Hallett et al.
2009; Materechera et al. 1994; Rillig and Mummey
2006; Vollsnes et al. 2010). These root-induced process-
es alter the size, the geometry and the wetting properties
of the pore space around roots and, thus, affect soil
hydraulic properties (Bodner et al. 2014; Kroener et al.
2018; Lucas et al. 2020; Read et al. 2003; Scholl et al.
2014). Hence, changes to soil hydraulic properties are
expected as soon as AMF alter root system properties.

For AMF, abundant evidence exists for their involve-
ment in the degree of soil aggregation (Leifheit et al.
2015, 2014; Morris et al. 2019; Rillig 2004; Rillig et al.
2015; Rillig and Mummey 2006; Rillig et al. 2002;
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Tisdall and Oades 1982; Wilson et al. 2009; Wright and
Upadhyaya 1998). A so-called ‘sticky string-bag’ func-
tion has been assigned to the extraradical mycelium of
AMF; acting as a binding agent for soil particles (Miller
and Jastrow 2000). This is based on the direct access of
AMF to plant-derived carbon that is then distributed into
the soil. Besides that actively growing hyphae can clog
pore space and may rearrange or align low-weight soil
particles (Rillig and Mummey 2006; Ritz and Young
2004), AMF produce proteinaceous substances called
glomalin which are released to the soil while hyphae
being turned over (Driver et al. 2005; Gadkar and Rillig
2006). Glomalin persists in soils due to their compara-
tively low degradation rates (Steinberg and Rillig 2003).
The abundance of glomalin is tightly correlated to ag-
gregate stability in soils (Wright and Upadhyaya 1998)
and the degree of soil aggregation increases with the
abundance of AMF hyphae in soils (Wilson et al. 2009;
Morris et al. 2019). Such aggregation processes result in
changes to the size distribution of soil pores (Nimmo
2004b). Consequently, changes to soil pore size distri-
bution upon AMF presence in soils have been observed
by X-ray computed tomography (Martin et al. 2012). In
addition, the idea has been communicated that AMF
may also possess substances found in other filamentous
fungi (e.g. amphiphilic hydrophobins), which can de-
crease the surface tension of water (Rillig 2005; Rillig
and Mummey 2006) and, they can induce reppellent
conditions on aggregate surfaces (Rillig et al. 2010). If
these mechanisms manifest in AMF populated soils,
they potentially affect how water is retained in and
released from soils.

Quantitative measurements of macroscopic soil hy-
draulic properties are typically described by soil water
retention curves; the relationship between the soil water
content and the soil matric potential (Durner 1992;
Rawls et al. 1991). Soil water retention is determined
by how gravity counteracts capillary action and capil-
lary action depends on adhesion, cohesion and on pore
size. Hence, water retention curves measured on soils
containing roots and AMF integrate their potential ef-
fects on soil wettability and on pore space geometry that
together modulate how water can be extracted from
soils. As soil water contents can be modulated experi-
mentally by irrigation, possible alterations to the size
distribution and wetting properties of the pore space due
to AMF presence may affect the extractability of water,
i.e. the matric potential encountered. This, however, has
been studied only in a few instances (e.g. in Augé 2004;

Augé et al. 2001; Bitterlich et al. 2018c; Daynes et al.
2013) but it potentially affects the physical constraints to
plant water extraction when AMF are involved
(Bitterlich et al. 2018b). There essentially are three
modes of action for such physical effects in the sub-
strate: (i) AMF reshaping plant (root) growth, (ii) hyphal
colonization of the substrate and, (iii) through affecting
the microbes in the soil (shaping microbial
communities, Jansa et al. 2013).

So far, we do not know of any study that investi-
gated water retention in root-free and root-containing
fractional volumes out of a planted bulk substrate of
the same pots and compared the non-mycorrhizal and
the mycorrhizal scenarios. This is surprising as it
would inform us how the hydraulic properties would
change in a whole microcosm that included both root-
ed and root-free zones. We therefore ask whether
substrates in which a mycorrhizal plant grows differ
in water retention from substrates of non-mycorrhizal
systems and, if so, whether this is related to differ-
ences in root growth and whether the effects also
extend to root-free substrate zones.

We designed a pot experiment using a well-known
model system of Medicago truncatula plants, inoculat-
ed or not with an AMF isolate of Rhizophagus
irregularis and grown in an artificial substrate mix.
Our experimental set up allowed to investigate the
water retention in root-free and root-containing soil/
substrate zones from the same pots at the same time.
We assumed that the root-free and root-containing com-
partments emulate substrate patches that are both found
in microcosm experiments.

Material and methods

Experimental setup and cultivation

The model legume M. truncatula ‘J5’ was sown into
pots containing an artificial substrate mix and was inoc-
ulated or not with R. irregularis (Błaszk., Wubet,
Renker & Buscot) C. Walker & A. Schüßler as
[“irregulare”]. The pots contained two equally-sized
small compartments, each buried in the pot substrate,
with one compartment allowing ingrowth of roots and
AMF and the other excluding ingrowth of roots. These
compartments facilitated undisturbed harvesting of sub-
strate fractions for measuring substrate water retention.
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Ten 4.3 L pots were filled with 5.6 kg of an air dry
substrate mix each (with a bulk density of 1.3 g cm−3),
consisting of 45% (v) of an autoclaved (121 °C,
30 min) quartz river sand with a grain size of <4 mm,
45% (v), of autoclaved zeolite with a grain size of 1–
2.5 mm (Zeopol Ltd., Břeclav, Czech Republic; www.
zeopol.com) and of 10% (v) γ-irradiated (> 25 kGy;
Bioster, Corp, Czech Republic) soil from Tänikon,
Switzerland (47°29′10.0” N, 8°55′10.1″ E). The soil
sampled from 0 to 20 cm depth was an Orthic Luvisol
containing 51% sand, 31% silt, 16% clay, and 2% soil
organic matter (Jansa et al. 2003). The components
were thoroughly homogenized and water retention of
such a mix resembled that of a loamy sand. The sub-
strate mix had a pH of 7.52, total organic carbon (C)
and total nitrogen (N) concentrations of 0.186% and
0.012%, respectively. The water extractable phospho-
rus (P) concentration was 2.06 mg kg−1 and the total P
was 73.06 mg kg−1 (Püschel et al. 2020). The pots were
each amended with 14 mg N (as ammonium nitrate),
120 mg K, 60 mg Mg and 60 mg Ca in form of soluble
sulfate or chloride salts by thoroughly mixing the nu-
trient solutions with the substrate. During cultivation
the pots received three additional N amendments total-
ing 35 mg of N per pot. Before planting, the pot water
holding capacity was determined by saturating a filled
pot and letting it drain until dripping stopped. The
weight differences between the oven-dried substrate
and the drained substrate corresponded to 22.17%
gravimetric substrate moisture. This condition was
maintained throughout the experiment by replacing
the consumed water every day.

The seeds of M. truncatula ‘J5’ were surface ster-
ilized (10% sodium hypochlorite; 10 min), rinsed with
tap water and let germinate on autoclaved (121 °C,
30 min) quartz river sand. The seeds were sprayed
with rhizobial inoculum of Sinorhizobium meliloti,
strain LT10. This inoculum was grown in TY liquid
medium (Somasegaran and Hoben 1994) on a shaker
at 24 °C for 3 days. The bacteria were washed with
0.5% (w:v) aqueous MgSO4 solution and the suspen-
sion was then adjusted to the optical density of 0.7 at
600 nm (which corresponded to approximately 2 × 109

cells mL−1). After two days, four germinating seeds
were placed to a groove in each experimental pot and
four plants per pot were maintained in each pot
throughout the experiment. The transplantation of

seeds was accompanied with a second application of
the rhizobial suspension, sprayed into the groove. Vi-
sual observation during root processing later confirmed
successful nodulation of all plants.

Half of the pots (M) were inoculated with 10 mL
of in vitro produced inoculum of R. irregularis iso-
late SYM5 kindly donated by Symbiom Ltd.,
Czech Republic (www.symbiom.cz) directly under
the seeds, as described previously (Gryndler et al.
2018). By this procedure, no organic matter and no
other inoculum-associated microorganisms other than
the AMF-biomass was introduced. The other half of
the pots were left non-inoculated by the AMF (NM).
Within the experiment, all substrate compartments
were prepared from the same substrate charge and
then randomly assigned to treatments. Standard metal
250 ml (diameter = 8 cm, height = 5 cm) soil sam-
pling cores were used for the root-containing and
root-exclusion compartments, which were completely
filled with the potting substrate and compacted until
an equal bulk density of 1.25 g cm−3 was achieved.
The core openings were then covered with nylon
meshes with an opening size of 1 mm (Uhelon 8S,
Silk & Progress, Ltd., Czech Republic) to allow root
ingrowth, or with 42 μm mesh size (Uhelon 130 T)
to exclude root ingrowth but to allow hyphae to
enter. The compartments were introduced into the
pots in a way that the cylinder opening covered
the central section of the substrate filling level and
the closed metal frame of the cylinder covered the
radius from the center to the rim of the pot. Both
cores were placed oppositely in the pot with a slight
inclination angle of approx. 15 ° from the vertical to
allow roots of all orders to penetrate the core direct-
ly. The pot design is illustrated in the supplementary
information (Fig. S1).

Ten pots (5 NM and 5 M) were prepared and ar-
ranged randomly in the glass house. The plants were
grown for eight weeks under glass house conditions at
25: 18 °C (day: night). Natural light was supplemented
with 400 W metal halide lamps set to 14 h photoperiod
resulting in photosynthetically active radiation flux at
plant level ranging between 370μmolm−2 s−1 at midday
and a minimum of 85 μmol m−2 s−1 at dawn or dusk.

After eight weeks of growth the plants and cores
were harvested. The nylon meshes also secured undis-
turbed harvesting of the sampling cores. The root-
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containing cores were harvested by using a sharp knife
for root severance along the net surface with the aim of
minimizing disturbance to the inner core substrate.
While harvesting, difficulties with severance of tightly
mesh bound roots lead to disturbance in two of the
inner core substrate volumes. These compartments
were discarded.

In addition, we prepared two different unplanted
control treatments (N = 6), one was prepared from the
fresh substrate mix, the other one was subjected to
two sequential dryings to air-dry conditions across
six weeks under laboratory conditions. Firstly, the
unplanted treatment with the fresh substrate should
serve as the starting value and allows comparing how
water retention properties change after a growing
period. Secondly, since forces of soil cohesion
strongly depend on water contents (Nimmo 2004a)
and roots induce local drying within their proximity
(Carminati et al. 2010; Segal et al. 2008), we needed
to check whether we avoided strong drying effects on
inner-core volumes by our irrigation management. In
total, six treatments were subjected to water retention
assessments: (i) an unplanted fresh substrate mix as
the starting condition (Bare/initial), (ii) an unplanted
and dried treatment (Bare/dried) as a control for
abiotic drying effects, (iii) and (iv) as the planted
treatment with root ingrowth for M (M + roots) and
NM (NM + roots) pots, and (v) and (vi) as the planted
treatment under the absence of roots for the inocula-
tion treatments (M – roots, NM – roots).

After harvest, we checked whether equal packing
of the cores was assured for every treatment. We did
not detect any strong changes to dry bulk density or
dry porosity upon treatments (Table S1). Hence,
equal packing was successful and no significant par-
ticle movement across the meshes was observed. Any
potential changes to hydraulic properties thus cannot
be ascribed to differences in core filling levels or
time-dependent increases in dry bulk density. These
compartments were subject to soil hydraulic property
analyses and quantification of root and fungal
colonization.

Water retention assessments

We used the simplified evaporation method; a
continuous drying of the samples under laboratory

conditions (Schindler et al. 2010). After harvesting
the sampling cores, the cores were water saturated
for 24 h in a water bath and subjected to the
HYPROP™ system (Meter group, Munich, Germa-
ny). Two tensiometers in different heights (z =
1.25 cm and 3.75 cm) were introduced into the
sampling cores into previously prepared holes. The
tension was recorded every ten minutes and the
cores were weighed two times a day to obtain
gravimetric water loss data. The method returns
the volumetric water content (Θ) as a function of
tension (h, hPa) assuming that the geometric mean
of h of both tensiometers equals the mean soil
matric potential (Ψ) in the core soil volume. The
measurement is terminated when air enters the
tensiometers and h drops to 0 hPa. The air entry
point at h = 8800 hPa is a material constant of the
tensiometer ceramic and was introduced as an ad-
ditional point to extend the common measurement
range of tensiometers (Schindler et al. 2010). After
termination of the measurement the soil samples
were oven dried (105 °C, 24 h) to obtain the soil
dry weight.

For model parameterization, we adopted the ap-
proach of Bodner et al. 2013a, b, 2014). The authors
showed that root-soil-interactions affect parameters of
the Kosugi water retention model (Kosugi 1994) and
that these parameters are suitable indicators for changes
in structural porosity as modulated by soil moisture
dynamics and root growth. These model parameters
respond empirically to biotic and abiotic influences on
soils (Bodner et al. 2014, 2013a; Hayashi et al. 2006;
Leij et al. 2002; Scholl et al. 2014).

Several variants of the Kosugi model were fitted
globally to the complete data set. The best fit to the data
set was judged based on the RMSE and the AICc which
penalizes model complexity. The Peters, Durner and
Iden (PDI) variant of the unimodal Kosugi model
(Iden and Durner 2014; Peters 2013, 2014) was identi-
fied as the most suitable for all the data sets. The
goodness of treatment-wise model fits was sufficiently
comparable across treatments (Fig. S2). The general
form of the PDI retention forces the water content to
zero at 106.8 cm tension (Eq. 1):

Θ hð Þ ¼ ΘSat−ΘResð ÞScap þΘResSad ; ð1Þ
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where Θ [cm3 cm−3] is the volumetric water content,
ΘSat [cm

3 cm−3] is the saturated water content,
ΘRes[cm

3 cm−3] (ΘRes =ΘR in Iden and Durner 2014)

is the maximumwater content for water adsorption, Scap

and Sad are the relative saturation of capillary and ad-
sorptive water (Eq. 2):

Scap hð Þ ¼ Γ hð Þ−Γ 0

1−Γ 0

� �
with ;

Sad hð Þ ¼ 1þ 1

log10 hað Þ−log10 h0ð Þ
� �

log10 hð Þ−log10 h0ð Þ þ bln 1þ exp
log10 hað Þ−log10 hð Þ

b
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and;

Γ hð Þ ¼ 1

2
erfc

ln
h
hm

� �
ffiffiffiffiffiffi
2σ

p

2
664

3
775;

ð2Þ

where Γ(h) is the Kosugi water retention function with
the effective saturation Γ[−] corresponding to (Θ –
ΘRes)/(ΘSat – ΘRes), Γ0 is the basic function for h = h0,
h0 is the tension at zero water content and was set to
106.8 cm as the thermodynamically expected value. The
parameter ha is the suction at air entry for the adsorptive
retention, hm is the capillary tension at the median pore
radius, σ is the standard deviation of the log-
transformed pore-size distribution and erfc[] denotes
the complementary error function and b is a shape
parameter for the adsorptive function (Eq. 3) introduced
as (Iden and Durner 2014):

b ¼ 0:1þ 0:07 σ 1−exp −
ΘRes

Θsat−ΘRes

� �2
 ! !

: ð3Þ

The parameters of interest for this study are ΘSat,
ΘRes, hm and σ which are the saturated water content
or wet porosity, the maximum adsorptive water content,
the capillary tension at the median pore radius and the
standard deviation of the pore size distribution, respec-
tively. We used changes in the model parameters for
considering treatment-induced shifts in water retention.

On some simulated water retention curves, we show
how changes in these intrinsic parameters determine
curve shape (Fig. 1).

We converted hm with the Young-Laplace equation
to the more intuitive median pore radius r m, as has been
done by others for soil-water-air systems (Bodner et al.
2014; Kosugi and Hopmans 1998) to improve under-
standability for the reader. Just because rm would in-
crease with water release towards the wet range. Still, as

water release is affected by wetting properties (Read
et al. 2003) we do not interpret it as a true pore radius.

Root morphology

After water retention measurements were completed,
roots were collected from the root-containing sampling
cores, cleaned with tap water and weighed after residual
rinse water was removed by centrifugation in a common
salad spinner. The washed off substrate was kept to
determine the substrate dry weight. A subsample of ap-
proximately half of the root fresh weight (≈ 0.7 g) was
analyzed with the WhinRHIZO Arabidopsis 2012b soft-
ware (Regent Instruments, Québec, Canada). Afterwards,
mean root diameters, root lengths, root surfaces and root
volumes were up-scaled on weight basis to the total root
mass extracted from the sampling core substrate.

Mycorrhizal quantification in roots and soils
and nutrient analyses

Approx. 1 g of a representative fresh root sample was
stainedwith the ink-vinegarmethod as described previous-
ly (Vierheilig et al. 1998). Fifty root pieces of each root
sample were scored using the method of Trouvelot et al.
(1986) and the infection frequency (F %), mycorrhizal
intensity (M %) and arbuscule abundance (A %) of the
root system were computed using the Mycocalc software
(https://www2.dijon.inra.fr/mychintec/Mycocalc-prg/).
After all architectural analyses of the roots were finalized,
the roots were freeze dried and milled and DNA extracted
from the dry root powder (using 10mg sampleweights) by
using DNeasy Plant Mini kit (Qiagen), following
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manufacturer’s instructions. Substrate samples were also
freezer-dried and DNA extracted from 250 mg aliquots
using NucleoSpin Soil kit (Macherey-Nagel), following
manufacturer’s instructions and using SL1 extraction buff-
er and enhancer SX. Every sample (be it root or sub-
strate) was spiked before DNA extraction with inter-
nal DNA standard as described previously (Thonar
et al. 2012). Recovery rates of the internal standard in
the DNA extract were quantified by quantitative real-
time PCR (qPCR) as described previously (Thonar
et al. 2012). Abundance of R. irregularis in each of
the sample was quantified by the qPCR using the mt5
marker set (primers and a TaqMan probe) as de-
scribed previously (Couillerot et al. 2013) to quantify
copy number of mitochondrial large ribosomal sub-
unit (mtLSU) gene of R. irregularis. The qPCR sig-
nal was corrected by the internal standard recovery.
The abundance of the AMF was scaled up per unit
volume of the pots by using sample weights and root
and substrate densities estimated previously.

The P and N mass fractions in dry plant tissues were
determined by incineration and spectrophotometry with
Malachite Green and by standard C/N analysis using
Flash 2000 elemental analyzer (ThermoFisher Scientif-
ic), respectively (Püschel et al. 2017).

Statistics

Statistical analyses assuming a cut-off level of α = 0.05
(t-test, regressions, normal distribution, variance
homogeneity) were done with the STATISTICA 12
software (StatSoft, OK, Tulsa, USA). When variables
from different cores of the same pot were analyzed, t-
tests for dependent samples were carried out. Illustra-
tions were produced with SigmaPlot 12.3 (Systat soft-
ware, GmbH, Erkrath, Germany). Model fitting quality
(RMSE, AICc), parameter estimation, and coefficients
of parameter correlations and computation of confi-
dence intervals were done with the HYPROP-Fit soft-
ware (Meter group, Munich, Germany). Overlapping
95% confidence intervals of treatment specific curve
shape parameters were interpreted as nonsignificant dif-
ferences between the treatments.

Results

Plant growth, mycorrhization and root morphology

MycorrhizalM. truncatula plants developed significant-
ly higher plant dry weights than plants cultivated

Fig. 1 Simulated water retention
curves of the substrate used when
the median tension (h,m) was set
and increased from 30 to 40,
when the standard deviation of
the log-normal pore size
distribution (σ) was increased
from 0.3 to 0.5, when the
maximum adsorptive water
content (ΘRes) was increased
from 15 to 20% and the saturated
water content (ΘSat) was
increased from 40 to 50%
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without R. irregularis. This was accompanied by in-
creased P and N (for roots only) levels in tissues and,
thus, in higher total plant P and N contents in mycorrhi-
zal than in non-mycorrhizal plants (Table 1).

We used molecular quantification to assess mycor-
rhizal abundance. The mycorrhizal abundance in roots
and in the root-free substrate was higher in the main pot
volume than in the non-inoculated cores (P = 0.023,
Fig. 2). This was expected as colonization of cores
required de novo colonization by either roots or AMF
hyphae or it was related to certain degradation of AMF
since the molecular quantification of AMF in cores took
place a few days later after water retention measure-
ments were terminated. Still, AMF colonization in the
substrate (without roots) of root-containing cores neither
differed from the substrate colonization in root-free
cores (P = 0.328) nor from colonization in the main
pot substrate (P = 0.055). The mtLSU copies of
R. irregularis detected in roots from root-containing
cores were in the same magnitude as detected in root-
free substrates (P = 0.107) and corresponded to a mean
(± SE) root infection frequency (F) of 94 ± 2.9%, to
mycorrhization intensity (M) of 61 ± 2.6% and an
arbuscule abundance (A) of 33 ± 5.7%.

The larger mycorrhizal M. truncatula plants neither
significantly modulated root length densities (M:
10.2 cm cm−3, NM: 8.8 cm cm−3, P = 0.661), nor root
surface densities (M: 1.23 cm2 cm−3, NM: 0.86 cm2 cm−3,
P = 0.231) or root volume densities (M: 0.012 cm3 cm−3,
NM: 0.007 cm3 cm−3, P = 0.056) inside root-containing
cores, although total root mass in the main pot was higher
in M pots than in NM pots. This indicates that root
penetration of the cores occurred rather stochastically
across NM andMpots. However, a comparatively coarser
root system was observed in root-containing mycorrhizal
cores (Fig. 3). The roots of plants associated with

R. irregularis were greater in volume and length than
non-mycorrhizal plants, at diameters greater than
0.5 mm but smaller than 2 mm. Consequently, the partial
root system in root-containing cores of mycorrhizal pots
had higher mean root diameters (M: 0.39 mm, NM:
0.32 mm, P = 0.043) and lower specific root lengths (M:
12.1 cm mg−1, NM: 18.4 cm mg−1 DW, P = 0.043) than
root systems of non-mycorrhizal plants.

Water retention as affected by drying, root growth
and AMF colonization

When the water retention data separately obtained from
root-free and root-containing substrate cores were
pooled and fitted, M substrates showed an increase in
water retention and a shallower decline in water contents
with decreasing matric potentials than in all other treat-
ments (Fig. 4a). In contrast, NM substrates showed
similar water retention in the wet and dry range as
bare/initial ones but the reduction in water contents were
delayed to lower matric potentials (Fig. 4a). Drying of
the bare substrate under laboratory conditions caused a
decrease in wet-range water retention when compared to
a non-desiccated bare substrate (Fig. 4b). When root
ingrowth was allowed, water retention remained higher
than in bare and dried substrates (Fig. 4 a,c). In general,
the largest treatment-induced alterations in water reten-
tion relate to the range between 0 kPa and − 1.5 kPa
which is within the expected range for biotic and struc-
ture related influences (e.g. Durner 1992).

In Fig. 4 the parameters showing non-overlapping
CIs are highlighted and the complete list of the param-
eters of interest are given in Table 2. Desiccation of bare
substrates caused a reduction inΘSat andΘRes (Table 2).
In contrast, the coarser root system in M pots than in
NM pots caused a comparative increase in ΘSat and

Table 1 Shoot and root dry weights (DW) and leaf and root
phosphorus (P) and nitrogen (N) mass fractions are shown for
eight weeks old non-mycorrhizal (NM) and mycorrhizal (M)

M. truncatula plants inoculated with R. irregularis (t-test, N = 5,
± SE). Significant differences (P values) at a cutoff level of α =
0.05 are highlighted in bold

Plant development Plant nutrition

Shoot Root Leaf P Root P Leaf N Root N
[g DW] [g DW] [mg g−1 DW] [mg g−1 DW] [mg g−1 DW] [mg g−1 DW]

M 6.8 ± 0.23 2.8 ± 0.21 2.4 ± 0.11 2.8 ± 0.13 19.4 ± 0.77 22.3 ± 0.65

NM 3.9 ± 0.18 1.8 ± 0.11 1.4 ± 0.04 1.6 ± 0.05 20.8 ± 1.12 19.9 ± 0.49

P <0.001 0.003 <0.001 <0.001 0.311 0.016
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ΘRes (Table 2). These parameters causing offsets in
water retention in the wet and dry range were not affect-
ed when roots were excluded but hyphal penetration of
the cores was allowed (Table 2, Fig. 4d). In contrast to
root presence, hyphae-only colonization better con-
served the median pore radius (rm) of bare substrates
than when neither roots nor hyphae were present in the
planted NM cores (Table 2). In addition, hyphae-only
colonization increased the standard deviation of pore
size distribution (σ) in planted pots compared to the
bare/initial substrates.

Since AMF modulated root system properties, we
asked whether alterations in root morphology affected

water release properties. We found that the curve shape
parameters estimated from treatment-wise fits were con-
siderably consistent with the mean of the parameter
values of pot-specific fits (not shown). This gave us
confidence that a pot specific correlation analysis on
root containing cores is a valid approach.

This pot-specific correlation analyses revealed that
the variation in water retention between M and NM
substrates in root-containing cores is related to differ-
ences in root traits (Fig. 5). The model parameters
shaping water retention related to the standard deviation
of the pore size distribution (σ), ΘSat and ΘRes were
significantly correlated to the mean root diameter, the

Fig. 2 The abundance of
R. irregularis as detected by
quantitative real-time PCR in the
roots (black) and in the substrate
(squared pattern) in the different
compartments in pots with
M. truncatula. The asterisk
indicates significant differences
(P < 0.05; N = 5; ± SE; t-test for
dependent samples)

Fig. 3 The root volume density (RVD) and root length density
(RLD) of non-mycorrhizal (NM, white) and M. truncatula root
systems colonized by R. irregularis (M, black) in five different
root diameter classes. The roots were harvested from root-

containing cores after water retention assessments. Asterisks indi-
cate significant differences between non-mycorrhizal and mycor-
rhizal roots systems (t-test; N = 4; ± SE; *, P < 0.05; **, P < 0.01)
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root volume density and the specific root length, respec-
tively (Fig. 5). We did not find any treatment-induced
changes to the median pore radius (r,m) in root-

containing cores but this was generally lower compared
to all other cores assessed (Table 2). This means that
most of the variation in substrate water retention in root-

Fig. 4 Substrate water retention
curves of bare and planted
substrates (a) that remained either
untreated (black), were subjected
to two sequential dry-downs
(grey) and of substrates either
inoculated (M, blue) or not (NM,
red) with R.irregularis where
root-containing cores and root-
free cores were fitted together.
Substrate water retention curves
are also shown side-by-side for
untreated and dried substrates (b),
root-containing substrates (c) and
substrates within the same pots
were root growth was impeded by
nylon meshes (d). The curves
represent treatment-wise fits of
the Kosugi PDI model (a: N = 6
for unplanted treatments; N = 8
for planted treatments, b: N = 6, c:
N = 4, d: N = 5). The curve shape
parameters that showed non-
overlapping 95% CIs between
treatments are given in b, c and d.
A complete list of parameters is
given in Table 2
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containing substrates was explained by increases of the
root volume. But when finer root systems colonized the
substrate, the heterogeneity of water release from the
pore space (σ) increased and dry range water retention
decreased (ΘRes).

In contrast to drying, the widening of the water
release pattern in substrates containing hyphae or roots
(σ, Table 2) was not accompanied by reductions in wet
porosity (ΘSat, Fig. 6). To further visualize what hap-
pened, we used an approach similar to that of Bodner
et al. (2013b) and calculated the wet range water release
(Θ-0kPa – Θ-1kPa) from near saturated conditions. At this
range, water retention is expected to change upon pen-
etration of (large) roots and/or stabilized macropores
between aggregates (Bodner et al. 2013b) but also when
surface active solute concentrations in the soil water
increase (Read et al. 2003). We found that ΘSat was
generally sustained by planting while it declined in bare
substrates that were dried (Fig. 6a). In contrast, wet
range water release was sustained upon drying of bare
substrates but root presence reduced it (Fig. 6b). Inter-
estingly, hyphae-only penetration under root absence
preserved wet range water release of bare substrates,
while it declined strongly in root-free NM substrates
(Fig. 6b).

These different curve shapes induced by treatments
led to distinct matric potentials encountered under par-
ticular water contents (Table 3). Especially in the dry
range where matric potentials strongly decline per unit
change in water contents, M substrates had lower matric

potentials than NM substrates at 15% and 10% volu-
metric water contents. Compared to the bare/initial sub-
strate, it is worth highlighting that root-containing M
substrates reduced matric potentials and NM substrates
increased matric potentials at these water contents. In
root-free substrates water retention seems to trend to
induce similar effects as drying a bare substrate but
hyphal presence alleviated the decline in matric poten-
tials compared to bare substrates under lower water
contents (Table 3).

Discussion

We found that the presence of AMF in substrates altered
substrate water retention differently in root-free and
root-containing substrate zones. Water retention in
root-containing substrates increased when AMF were
present. This was largely explained by AMF-induced
changes to root morphological traits. In substrates in
which roots were absent, presence of AMF reduced
wet-range water retention and slightly increased dry-
range water retention. Hence, substrate matric potentials
encountered at equal water contents differed in pots
containing mycorrhizal and non-mycorrhizal plants.
Our results imply that equality in water extractability
from substrates cannot always be assumed for mycor-
rhizal and non-mycorrhizal plants when they are man-
aged for equal substrate water contents.

Table 2 The median pore radii (r, m), the standard deviation of the
lognormal pore size distribution (σ), the maximum water content
for adsorptive retention (Θ Res) and the saturated water content (Θ
Sat) and the 95% CIs are given for untreated substrates (N = 6),
unplanted substrates subjected to drying (N = 6), for non-mycor-
rhizal (NM) and mycorrhizal (M) pots containing M. truncatula
plants infected or not with R. irregularis. The planted (combined)

treatment indicates that data from cores with and without roots
were used simultaneously for fittings (N = 8) for every treatment.
The other parameters given derive from separate treatment wise
model fittings (N = 4 with roots, N = 5 without roots). Data in bold
indicate non-overlapping CIs of parameters either between the
bare/initial and bare/dried substrates or between NM and M
substrates

Core type Treatment r, m [μm] σ [−] Θ Res [cm
3 cm−3] Θ Sat [cm

3 cm−3]

Bare Initial 135 ± 0 0.366 ± 0.024 0.196 ± 0.004 0.433 ± 0.004

Dried 135 ± 0 0.499 ± 0.013 0.178 ± 0.002 0.394 ± 0.001

Planted (combined) M
NM

114 ± 3
99 ± 3

0.510 ± 0.035
0.349 ± 0.022

0.198 ± 0.007
0.190 ± 0.005

0.468 ± 0.005
0.431 ± 0.003

Planted M + roots 99 ± 3 0.471 ± 0.038 0.200 ± 0.008 0.468 ± 0.005

NM+ roots 99 ± 3 0.482 ± 0.025 0.186 ± 0.004 0.423 ± 0.002

M - roots 124 ± 0 0.434 ± 0.021 0.192 ± 0.005 0.458 ± 0.004

NM - roots 106 ± 0 0.364 ± 0.029 0.185 ± 0.008 0.457 ± 0.006

Plant Soil (2020) 457:131–151 141



Fig. 5 Correlative analyses of the Kosugi PDI model parameters
obtained by pot specific model fits of water retention measure-
ments in substrate cores that allowed root ingrowth of
M. truncatula plants either inoculated (blue) or not (red) with
R. irregularis. The median pore radius (r,m; a, b, c), the standard
deviation of the log-normal pore size distribution (σ; d, e, f), the

saturated water content (ΘSat, g, h, i) and the maximum adsorptive
water content (ΘRes, j, k, l) were correlated to the root volume
density (RVD; a, d, g, j), the specific root length (SRL; b, e, h, k)
and the mean root diameter (c, f, i, l) of roots contained in the
substrate cores. Significant correlations are displayed by black
lines and 95% CIs by grey areas (N = 8)
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Abiotic and biotic effects on soil water retention

Abiotic and biotic influences on soil water retention are
often difficult to discern experimentally as they both
could modulate pore space. For example, both root
proliferation and climatically or experimentally induced
wet-dry dynamics can move particles, consolidate or
disintegrate particle aggregation, which in turn can alter
pore space properties in, e.g. agricultural settings
(Bodner et al. 2014, 2013a; Leij et al. 2002; Nimmo

1997, 2004b). In addition, root water uptake inducing
local soil drying constitutes a circular reference. There-
fore, we conducted a simple test on unplanted substrates
to check whether drying results in the expected shifts in
water retention and if we avoided such effects in the pots
by frequent compensatory irrigation.

In our bare and air-dried substrate water retention
decreased from its initial state observed in unplanted
and untreated substrates, especially in the moist area
near saturation. Accordingly, this is expected for soils

Fig. 6 The saturated water content (ΘSat, a) and the wet range
water contents (Θ-0kPa – Θ-1kPa, b) for untreated (Bare/initial,
black) and unplanted and dried (Bare/dried, white) substrates
(N = 6), for planted substrates containing roots (+ Roots, N = 4)
or not (− Roots, N = 5) for non-mycorrhizal (NM, red) and

mycorrhizal (M, blue) substrates containing M. truncatula plants
inoculated with R. irregularis. Asterisks indicated significant dif-
ferences between non-mycorrhizal and mycorrhizal roots systems
(t-test; N = 4–6; ± SE; ns, P > 0.05; ***, P < 0.001)

Table 3 The matric potentials (Ψx) corresponding to volumetric
water contents of 30, 20, 15 and 10% in the different kinds of
substrate samples. Cores extracted frommycorrhizal (M) and non-

mycorrhizal (NM) pots are shown separately. The matric poten-
tials were interpolated on treatment-wise model fits

Core type Treatment Ψ 30 Ψ 20 Ψ 15 Ψ 10

[kPa] [kPa] [kPa] [kPa]

Bare Initial −1.2 −2.0 −25.5 −743.7
Dried −1.0 −1.9 −9.1 −372.5

Planted (combined) M
NM

−1.5
−1.5

−3.0
−2.5

−32.2
−22.2

−868.7
−678.0

+ Roots M −1.7 −3.4 −39.3 −991.1
NM −1.5 −2.7 −18.6 −602.0

- Roots M −1.3 −2.3 −21.4 −661.3
NM −1.5 −2.3 −16.6 −558.0
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that have undergone desiccation compared to soils that
have not (Leij et al. 2002). Two mechanisms could
explain it: (i) increase in water repellent conditions
under which pores drain at lower matric potentials
(Hallett 2008) with incomplete reversion of repellency
during saturation or (ii) capillary-driven particle coales-
cence (Bodner et al. 2013a) at low matric potentials,
which led to increased physical blocking of pore water
access. The latter case is more likely to be causal for our
findings because microbes that potentially exude surface
active agents and induce biological pore clogging
(Kandra et al. 2015; Seki and Miyazaki 2001) were
previously killed in the unplanted substrates and the
substrates were water saturated for 24 h before measure-
ments. Water repellent conditions, if manifested during
drying, are expected to be reversed after such time spans
of water contact even in water repellent soils (Clothier
et al. 2000). Since water release from large pores in the
wet range between 0 and − 1 kPa was not affected by
air-drying the unplanted substrate (see Fig. 6), drying
may have drawn particles of the organo-mineral soil
component closer together with the rigid sand and zeo-
lite particles. This could have resulted in the formation
of air-filled cavities that persisted during the rather soft
capillary saturation procedure, which would then reduce
wet porosity.

By using large pots and frequent irrigation, we
wanted to minimize the suction-induced confounding
effects caused by different plant sizes surrounding the
introduced cores. And in fact, no substantial (drying-
induced) loss of substrate wet porosity was measurable
in any of the planted substrate zones. Assuming previ-
ously detected (c.f. Püschel et al. 2020 using the same
model system) evapotranspiration rates of 19 and 22mL
d−1 g−1 shoot dry matter for M or NM pots for this
experiment, these rates would have resulted in a total
daily water loss of 129 and 84 mL d−1 in M or NM pots,
respectively. Considering the pot size of 4.3 L and the
target gravimetric water content of 22.17%, this daily
evapotranspiration would have reduced the gravimetric
water content to 19.17% (or Θ = 24.6%) in M pots and
to 20.22% (orΘ = 25.8%) in NMpots. Such changes are
unlikely to have had strong impact on inner-
compartment properties due to water being drawn from
outside, also because these water contents lie within a
narrow range of high matric potentials (see Table 3).

When we fitted water retention models to root-free
and root-containing substrates together, water retention
was efficiently increased in M pots whereas the smaller

non-mycorrhizal plants only preserved water storage of
bare/initial substrates in wet and dry conditions. More-
over, the main water release in M substrates extended
over a wider matric potential range. In the mycorrhizal
setting, these changes in water retention induced to a
bare substrate are consistent with the existence of bio-
induced structural pore space. Enhancements in wet
porosity are accompanied by a relative gain in larger
and smaller pores at the expense of intermediate pore
space (Bodner et al. 2014; Hayashi et al. 2006). By
stabilizing or forming highly connected biopore systems
roots could enhance substrate wet porosity (ΘSat) by
mechanically forming or impeding collapse of large
pores (Bodner et al. 2014; Nimmo 2004b). A more
pronounced persistence of aggregates enlarges the pore
space between and within aggregates (Nimmo 2004b).
This corresponds to what we have observed for M-pots:
at high matric potentials comparatively more water is
released and, at lower matric potentials less water is
released. This indicates that M plants have either in-
duced a stronger formation of structural porosity than
NM plants or that the structural pore system inM pots is
more stable against saturation disturbance (as per the
evaporationmethod) than that of NM substrates. Indeed,
AMF are known for their positive effects on aggregate
water stability in root-containing soils (Augé et al. 2001;
Hallett et al. 2009; Rillig et al. 2002;Wilson et al. 2009).

The same weighting of root-free and root-containing
substrates in fittings may provide indications for total
pot water retention. However, this is more a crossing-
over of properties of two distinct substrate layers.

The curve shape parameters of water retention in root-
containing cores reacted similarly to root morphology
characteristics across NM and M pots, indicating that
the roots in vicinity are the main cause for these changes.
Compared to bare substrates, the root systems of both
treatments induced water release distributions over a
wider matric potential range, but only the coarser root
systems in M pots enhanced the water volume that the
substrate can contain and release. According to Bodner
et al. (2014), coarse roots with considerable stiffness can
exert mechanical strength to displace particles and pro-
mote air gap formation while fine roots use the available
pore space to grow, increase the root-particle contact and
promote aggregate coalescence through local drying,
resulting in increased pore space heterogeneity. We
showed that in both, M and NM root systems, the main
root volume consists of fine roots (see Fig. 3), which
possibly causes similar pore space heterogeneity and thus
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similarities in water release distribution over a wider
range of matric potential than in bare/initial substrates
(see σ in Table 2). The consistent reduction of wet range
water release (between 0 and − 1 kPa) and rm in M and
NM substrates from that of unplanted substrates further
supports the interpretation that similar fine root lengths
across the inoculation treatments have caused similar
occupancy and division of pre-existing pore spaces that
exceeded the size of fine roots.

In contrast, the root systems of M plants had a much
higher proportion of root volume, with coarser diame-
ters, than those of NM plants. The large-diameter pro-
portion of the root system likely required densification
of the surrounding substrate because our homogenized
substrate did not contain a pre-existing structural pore
volume with pores exceeding the size of the largest roots
(Lucas et al. 2019). The formation of a new biopore
system may explain the higher wet porosity in M-
substrates with a higher proportion of stiffer roots than
in NM substrates, as the introduced root volume was
about eight times smaller than the increase in Sat. A
slightly higher root volume in M-substrates could also
be accompanied by an enlarged rhizosphere, a zone of
high water content (Moradi et al. 2011) and high
amounts of exudates with surface active properties
(Ahmed et al. 2014; Carminati et al. 2010; Carminati
et al. 2011; Hallett et al. 2003; Kroener et al. 2018),
possibly maintaining hydrophilic conditions under our
management for moist substrates. This may also have
contributed to consistently higher water retention mea-
sured in root-containing M-substrates than in NM sub-
strates. The higher dry-end water retention in M sub-
strates could also be caused by increased pore clogging
of the smaller-sized pores, i.e. of the zeolite granules.
Biological activity can result in clogging pores of zeolite
granules, either by exudation or physically by microbial
growth (Kandra et al. 2015; Seki and Miyazaki 2001)
that can block water release from underneath the colo-
nized region. Both, the release of organic compounds
and physical blockage are likely higher for M substrates
that contained AMF. This is because the filamentous
growth form of these fungi is an efficient space filling
structure on a finer scale than roots (Ritz and Young
2004) and AMF-associated bacteria can form biofilms
on hyphal surfaces (Sharma et al. 2020).

We were also particularly interested in how water
retention responds to the ingrowth of hyphae in root-free
substrates. There is evidence that AMF per se may
influence water retention as they (i) contributed to

aggregation and repellency in compartments that ex-
cluded root penetration (Leifheit et al. 2015; Morris
et al. 2019; Rillig et al. 2010; Rillig and Mummey
2006) and (ii) they affected water retention in substrates
with root systems of similar morphology as in AMF-free
counterparts (Augé et al. 2001; Bitterlich et al. 2018c).
However, the latter cited studies do not directly separate
effects of roots on water retention from those of hyphae.

Because hydraulic continuity persists across the root-
exclusion mesh we need to consider that plant influ-
ences on root-free inner core volumes are not complete-
ly impeded (Hallett et al. 2009). We also observed this.
Relative to bare/initial substrates, planting led to a sim-
ilar increase of wet porosity in root-free substrates of
NM and M pots. It was reported that plants can drive
physico-chemical soil conditions in soil fractions remote
to roots that were separated by meshes, including the
transduction of wet-dry dynamics and exudates beyond
the mesh (Hallett et al. 2009; Sauer et al. 2006). Al-
though we estimated the wet-dry dynamics to be of little
influence in planted pots, we cannot totally exclude this
to still exert force across the mesh. Wet-dry dynamics
can lead to macroporosity (Bodner et al. 2013a) and
hence to increased water retention in moist ranges like
we observed here in root-free NM substrates. Another
possibility is that roots adjacent to the mesh with root
hairs crossing it exude organic compounds into the inner
core volume. Such exudates are, however, not expected
to travel much further than the length of root hairs
(Sauer et al. 2006) especially when they adhere to
mineral particles. A so-called rhizosheath that is formed
from plant exudates and adhering soil particles around
roots essentially extends to the length of root hairs
(Haling et al. 2010). We are not sure if effects of root
exudation restricted to a ‘surface layer’ at the mesh of
our compartments would have led to affecting water
retention in the whole core. What we can safely assume
though, is that only inM pots the root-free substrate was
colonized by hyphae of AMF. This AMF presence has
led to conservation of wet porosity and wet-end water
release whilst comparatively increasing water release
distribution over wider matric potential ranges. This
corresponds in principle to what would be expected for
stabilization of soil structure and aggregation (Bodner
et al. 2014; Hayashi et al. 2006); a good internal sub-
strate drainage whilst conserving water storage in the
dry range (Bronick and Lal 2005). AMF hyphae seem
capable of promoting water stable aggregation distant
from roots (Leifheit et al. 2015; Morris et al. 2019) and
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can induce repellent conditions on the surface of aggre-
gates (Rillig et al. 2010), which may protect aggregates
from disintegration (Goebel et al. 2005). It has also been
reported that R. irregularis was associated with pore
spaces distributed to higher pore sizes (Martin et al.
2012). However, the stronger decline in wet-range water
retention in root-free AMF substrates than in NM sub-
strates would also be expected when AMF caused a
decline in the surface tension of the substrate water; as
has been observed for plant exudates (Read et al. 2003).
But, we are unsure if this could be detected with our
methodology that starts with an initial saturation in a
water bath. It is feasible to assume that surface active
effects of AMF in the soil, if present, have been
abolished by long water contact times and dilution. To
detangle such potential effects fromAMF-inducedmod-
ulations in pore size and distribution would be an in-
triguing task for further research.

What consequences do our findings indicate for water
relations in AMF studies, for physiology
and experimentation?

We observed that the presence of AMF induced alter-
ations in substrate water retention. We are not surprised
because AMF are known to re-structure soils and this
has been reviewed previously (Miller and Jastrow 2000;
Rillig 2004; Rillig and Mummey 2006; Six et al. 2004;
Leifheit et al. 2014). But what do our findings mean for
plant water relations?

In this paper, we were reluctant to base interpretation
on commonly used definitions such as ‘plant available
moisture ranges’ or ‘field capacity’ for two reasons: (i) it
would have depended on the definition used whether we
find AMF effects to be influential on water contents in a
particular range or value of suction and, (ii) these defi-
nitions may not be particularly useful for pot studies.
For example, considering the field capacity as an equi-
librium water content that is attained after drainage
processes vanish to negligible degrees, this condition
may be useful under field conditions to define plant
available moisture. Since in the field precipitation is
irregular and water can move outside the ambit of
plants, the attainment of water contents at field capacity
might be a frequent scenario for field conditions. But,
frequent irrigation of pots that are managed for moisture
contents relatively prolongs plant water uptake under
ongoing percolation after the irrigation incident.

As revealed by a meta-analysis, the vast majority of
studies on water relations in mycorrhizal plants derive
from greenhouses and growth chambers (Augé et al.
2015) where pots are used. And although there is abun-
dant literature on soil fungal involvement in aggregate
stability and water repellency that imply changes to
water retention, there is not much literature about
AMF influences on soil water retention to compare our
results directly to. And, the results found by others seem
to be context dependent. Bearden (2001), Augé et al.
(2001) and Bitterlich et al. (2018c) found AMF to
comparatively encourage drainage from clayey vertisol,
a fine sandy loam and an artificial substrate mix, respec-
tively. This caused lower water contents at lower matric
potentials in AMF pots and the onset of this effect
seemed dependent on the growth substrate used. All
these studies used zones of the growth substrate that
comprised roots and AMF and in the latter two studies,
root mass and morphology were similar across mycor-
rhizal and non-mycorrhizal soils. In our case, the sub-
strate containing roots and hyphae contained a larger
root system than the NM soils which may have been a
reason for why we observed the opposite reaction in
water retention. Accordingly, Daynes et al. (2013)
found increases in water retention upon AMF inocula-
tion on a substrate deriving from coarsely textured spoil
soil varying with compost additions but they did not
include the root morphology. We only know about one
other study that uses root-exclusion compartments to
assess AMF effects on water retention and this study
found no changes in water retention upon hyphal colo-
nization but hydraulic conductivity to be positively af-
fected by AMF (Bitterlich et al. 2018a). It is impossible
to draw any far-reaching conclusion from these limited
data other than AMF effects on water retention proper-
ties are context dependent. All mentioned studies com-
prised different symbioses, treatments, growth times and
soils/substrates. Yet, context dependency of AMF ef-
fects on water retention is not surprising because phys-
ical laws imply a texture dependency (Querejeta 2017)
and the contribution of AMF to e.g. aggregation is
texture dependent (Leifheit et al. 2014). Just like
surface-active materials like mucilage exert texture de-
pendent influences on water retention (Kroener et al.
2018), AMF might do as well. The influences of AMF
on soil water retention (as the integrated trait for water
availability) and their potential variability in different
soils and substrates is currently not well understood but
they can be real (as found here).
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It is widely known that plants sense underground mois-
ture and that these regulatory mechanisms serve to cope
with soil moisture variability (Carminati and Javaux 2020;
Damour et al. 2010; Simonneau et al. 1998; Tardieu et al.
1992). However, the scientific literature on AMF exerting
control on plant moisture reactions has mainly focused on
effects in planta while neglecting effects of physical con-
ditioning underground. Only in a minority of such studies,
the soil matric potential as the stress parameter is reported
(Augé 2001;Augé et al. 2015).We do not dare to conclude
directly on the plant physiological moisture response based
on our data. However, it appears justified to assume that
plants would need different amounts of energy to extract
the same amount of water from substrates that differ in
matric potentials at particular water contents (see Table 3).
This may lead to an adjusted stress state in mycorrhizal
plants growing under equal soil moisture as non-
mycorrhizal plants. We therefore believe that changed
physical conditions underground merit attention when the
physiological moisture response of plants is investigated.
In order to investigate mycorrhizal contributions to plant
water stress adaption in a more direct way, one could use a
framework that quantifies water flow from bulk soils to
root systems in conjunction with the metabolic and phys-
iological reaction of plants to soil water depletion. As
obtaining continuous soil water potential data down to
dry conditions seems a challenge due to the limited mea-
surement range of tensiometers, modeling frameworks that
can account for differences in root morphology and distri-
bution (Graefe et al. 2019) could be used based on mea-
surements of soil hydraulic properties and root system
properties. Such frameworks allow for quantification of
water flows from bulk soils to root systems and if and
when these water flows are altered by AMF presence.
Then it could be investigated whether changes of bulk soil
water flows are preceded or ignited by the often observed
changes of AMF to molecular (aquaporins), metabolic
(osmotica, hormones) and physiological (gas exchange)
states of plants. Finally, this should be studied in real soils
of different textures in the future. This is, yet, not well
explored but expected to be texture dependent as soil
texture determines e.g. how resistant a soil is to aggrega-
tion and how prone it is to pore clogging.

Conclusions

Direct hyphal water delivery to plants has been discussed
as an underlying mechanism to influence the

physiological reaction of plants to soil moisture. Howev-
er, 1 cm3 of conducting hyphal volume would comprise
approx. 12.7 km of cylindrical hyphae with an inner
diameter of 10 μm. Hence, the advective flow in hyphae
is probably more relevant for matter pools that slowly
accumulate in planta like P (Bitterlich and Franken 2016;
Kikuchi et al. 2016; Neumann and George 2004;
Whiteside et al. 2019) than for water, which is consumed
by plants in the highest quantity of all soil resources and
continuously lost to the atmosphere. But the pore space
harboring mycorrhizal hyphae can exceed their volume
by dimensions while water transport properties in it being
modulated to a substantial degree. An important question
for future studies is whether soil colonization by AMF
leads to physical conditioning of the soil that allows
easier water movement to root systems and how this
would contribute to the frequent observations that AMF
confer drought tolerance. Just like mucilage seems to
buffer limitations of root water availability against water
content changes in the bulk soil (Ahmed et al. 2014;
Schwartz et al. 2016), the hyphosphere may have similar
properties albeit on a finer scale. And, the known contri-
bution of AMF to soil aggregation also qualifies to alter
underground water movement especially under low soil
moisture when the macropore space between aggregates
is air-filled because then soil water is exchanged between
aggregate contacts (Carminati et al. 2007, 2008). Aggre-
gation processes may further extent from the root system
with a hyphal network and thus increase substrate hy-
draulic conductivity of a bulk substrate under dry condi-
tions. At root entry points, hyphae of AMF may also
constitute liquid bridges and preserve root-soil contact
under increasing cavitation around roots during ongoing
soil water depletion. For these reasons and our finding
that physical conditioning of a substrate remote to roots
by AMF takes place, we emphasize that future studies on
the drought physiology of AMF symbioses should ad-
dress both, reactions in planta and ex planta conditions.
Finally, only with continuous criteria like water retention,
contributions of AMF to root water uptake from bulk
substrates can be studied in conjunction with mycorrhiza-
induced changes to root morphology, e.g. with frame-
works like published in Graefe et al. (2019).
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