Plant Soil
https://doi.org/10.1007/s11104-024-06642-6

RESEARCH ARTICLE

®

Check for
updates

A new experimental device for germinating seeds
under controlled soil water potentials, a step beyond PEG

- J. Tormo
+ A. Cirujeda® - E. Bochet

D. Moret-Fernandez
M. V. Lépez

Received: 8 December 2023 / Accepted: 20 March 2024
© The Author(s) 2024

Abstract

Background and aims Germination as a function of
soil water potential (h) is modelled using polyethyl-
ene glycol (PEG). But, PEG would not consider soil
properties. Our objective is to show the limitations of
PEG to model germination in real soils. Using a new
device, the tension germinator (TG), we show the
interaction between soil type, h and seed characteris-
tics on seed germination.

Methods TG (A Mariotte reservoir that supplies
water at constant h to a porous substrate on which
seeds are deposited). Barley (Hordeum vulgare L.)
and vetch (Vicia sativa L.) seeds were placed on TG
with loam (TG-loam) and sand (TG-sand), and h of
0, -0.002, -0.006 MPa. Then, the imbibition curves
were monitored. PEG experiments (0 to -2.5 MPa)
were performed to estimate the critical h, hpgg, or h
from which the imbibition curve decreases compared
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with that at 0 MPa. PEG curves for 0>h > -0.01 MPa
were compared with TG.

Results PEG and TG curves were not different at
0 MPa. hPEG for barley and vetch was within [0,
-0.01] MPa. While no differences were observed
between PEG at [0, -0.01] MPa and TG-loam curves,
TG-sand curves at -0.002 and -0.006 MPa were
different to those of PEG. Conversely to PEG at
-0.01 MPa, no imbibition was observed in TG-sand
(-0.006 MPa). A negligible influence of h in TG-loam
was observed.

Conclusions PEG is not adequate to describe seed
germination in soil. But the TG allows monitoring
seed germination in real soils and controlled h.

Keywords Water retention curve - Hydraulic
conductivity - Seed germination - Seed water
content - Water potential
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Introduction

Seed germination acts as a key step for the estab-
lishment of plant species in ecosystems in natural
habitats (Donohue et al. 2010; Huang et al. 2016),
in weed populations in agricultural land and is also
crucial to guarantee a homogeneous crop establish-
ment. In ecology, the correct characterization of
germination requirements is of paramount impor-
tance for understanding community assembly and,
as a consequence, also for successful ecosystem res-
toration (Jimenez-Alfaro et al. 2016).

The process of germination can be separated
into three phases (da Silva et al. 2018). Phase I (or
seed imbibition): physical process in which soil
water enters the seed due to a difference in water
potential (/) between the seed and the surrounding
medium (Hegarty 1978). During this phase there is
an increase in seed weight. Phase II: seed weight
reaches a threshold and then the rate of respiration
and other metabolic processes increase. A success-
ful Phase I does not necessarily imply the beginning
of Phase II, since this latter also depends on the
dormancy of the seed, oxygen availability in the soil
and temperature. Phase III: there is an increase in
water absorption, and respiratory activity and seed
elongation and division leading to radicle grow.
During this phase, that lasts until radicle emergence
occurs, seed weight increases again. While in the
first two phases the processes are reversible, seeds
that reach the third phase cannot return to previous
stages, and in the case of unfavorable environmen-
tal conditions for the progression of this phase, the
seed dies (da Silva et al. 2018).

For decades, studies on germination as a function
of soil moisture have been carried out in experiments
in which seeds imbibe at different water potentials
and temperatures (Sharma 1973; Liu et al. 2020). To
study the influence of 4 on germination, polyethyl-
ene glycol (PEG) aqueous solutions are used to gen-
erate different levels of 4. These solutions generate
an osmotic potential, which is assumed to properly
simulate the soil water potential (Sharma 1973). This
technique has been employed, for instance, to study
seed after-ripening (Christensen et al. 1998), drought
tolerance of seed germination (Macar 2009; Jiang and
Zhou 2022), to create hydrotime models (Patané and
Tringali 2010) and in general studies related to seed
germination ecology (Krichen et al. 2017).
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Thus, PEG experiments allow determining the
minimum / below which seeds can’t imbibe (Frischie
et al. 2019). However, since seed imbibition is the
result of the interaction between seed and the sur-
rounding medium, it should depend not only on the
seed characteristics that determine their ability to
absorb water but also on the properties of the sur-
rounding substrate, which regulates the supply of
water to the seeds (Williams and Shaykewich 1971;
Hadas and Russo 1974; Camacho et al. 2021). Indeed,
it is hypothesized that a higher contact between seeds
and soil particles even favors seed survival (Terpstra
1990; Reuss et al. 2001).

When PEG experiments show that seeds are able
to germinate at & of -1.82 or even -2 MPa (i.e. Diirr
et al. 2015; Frischie et al. 2019), it is usually inter-
preted that seeds may germinate at any A value
between 0 MPa and these most negative / threshold,
regardless of the medium where the seeds are placed.
However, if we assume that, for most soils, the water
content at the most negative & threshold for seed
imbibition corresponds to the residual water con-
tent (van Genuchten 1980; Carsel and Parrish 1988),
seed imbibition is not possible at these limits, simply
because there is no biologically available water in
the soil. This simple example demonstrates that PEG
experiments report information about the most nega-
tive h threshold from which seeds stop imbibing, but
not about the ability of soils to supply water to seeds.
Thus, to study seed imbibition processes in field con-
ditions, both seed characteristics and soil hydraulic
properties must be considered. Ignoring the role of
the soil hydraulic properties in the germination pro-
cess can lead to erroneous conclusions. Among the
very few studies carried out to quantify the influence
of the surrounding medium on seed imbibition, Wil-
liams and Shaykewich (1971) demonstrated that the
hydraulic conductivity of the soil was a limiting fac-
tor in the germination process, and Hadas and Russo
(1974) observed that decreasing hydraulic conductiv-
ity reduced water absorption and germination rates.
More recently, Camacho et al. (2021) showed that
hydraulic conductivity, rather than A, was a more
informative variable to predict seed germination, and
advised that caution must be taken when considering
results obtained using PEG solutions to infer germi-
nation behavior under field conditions. In another
work, Moret-Fernandez et al. (2023) presented a new
methodology to determine the hydraulic properties of
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seeds and demonstrated that the hydraulic properties
of the seeds varied among different species. Although
all these studies provide valuable information on the
importance of soil hydraulic conductivity on seed
germination, they do not provide a clear picture about
the relationship between seed germination and soil
water. To our knowledge, to date there is no work that
has experimentally demonstrated how soil proper-
ties combined with A can affect the seed imbibition
process.

To fill this gap, this paper experimentally evaluates
the importance of the interaction between soil type, &
and seed characteristics on seed imbibition. In order
to achieve our goal, a new device, the tension germi-
nator (TG), that allows monitoring weight gain due to
imbibition of seeds placed on a substrate at controlled
h, is presented.

Materials and methods
Tension germinator design

The tension germinator, TG, is based on the upward
infiltration method at constant soil tension devel-
oped to estimate the soil hydraulic properties (Moret-
Fernandez et al. 2016) and the double disc method
used to determine the soil hydraulic properties from

Fig. 1 Diagram of the Valve 3
tension germinator system
arranged to generate a water
potential of -60 cm (-0.006
MPa)

Water column
manometer

Valve 2

60 cm

drainage experiments with tension gradients (Moret-
Fernandez and Latorre 2022). These devices have
so far been used to study the soil hydraulic proper-
ties but not yet for seed germination experiments. The
TG consists of a 10 cm diameter aluminum recep-
tacle containing the soil where tension is controlled
and maintained (Fig. 1). The receptacle has a 5 cm
diameter perforated base, the surface of which is cov-
ered with a dry nylon mesh of 10 pm pore size, that
can hold suctions up to -0.008 MPa. The mesh is
hermetically sealed against the aluminum receptacle
with an aluminum ring. A 2.0 cm-high stainless-steel
cylinder (5 cm internal diameter -i.d.-) is placed on
the nylon mesh. This cylinder contains the soil in
which the seeds will be placed. The bottom of the
aluminum receptacle is connected to a Mariotte tube
30 cm-high and 2.5 cm i.d. that supplies water to the
soil. An open/closed valve (Valve 1) is placed in the
tube connecting the Mariotte tube and the aluminum
receptacle. The Mariotte tube has a movable pipe, the
lower end of which is at the same height as the nylon
mesh. This implies that the same pressure is found
at the lower end of the pipe and at the mesh surface.
At the top of the Mariotte tube there is a syringe that
allows generating vacuum, if necessary. The upper
end of the movable tube of the Mariotte tube is con-
nected to a bubbler tower and a water tank. The bub-
bling tower consists of a 70 cm-high and 2.5 cm i.d.

Mobile pipe

Airinlet Mariotte tube
,

v

Syringe for vaccum

Nylon mesh

°

Water drop

Bubbling tower Valve 1
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tube filled with water and crossed longitudinally by
a movable pipe. This bubbling tower is responsible
for setting the desired tension below the nylon mesh,
corresponding to the length of the pipe immersed in
water (60 cm or 0.006 MPa in Fig. 1). The water tank
consists of a 40 cm-high and 5 cm i.d. reservoir filled
of water. This is a second Mariotte tube connected at
the base to a 1 m long pipe, in which a flow regulat-
ing valve (Valve 2) is inserted. A third valve (Valve
3) to depressurize the system, if necessary, is placed
at the top of the water tank. Finally, a water column
manometer, to display the current tension of the sys-
tem, is connected to the top of the water tank.

The water falling through the pipe inserted in the
base of the water tank generates a suction inside the
reservoir equal to the difference in height between the
lower end of the pipe and the air inlet into the water
tank (> 60 cm in Fig. 1). To allow for this water drop,
the air inlet into the water tank comes from the bub-
bling tower. To set the desired tension, the length of
the pipe submerged in the bubbling tower must be
slightly shorter (60 cm in Fig. 1) that the distance
between the bottom end of the pipe falling from the
water tank and the air inlet height in the water tank.
Finally, the suction generated inside the water tank is
transmitted to the Mariotte tube and from there to the
nylon mesh and, finally, to the soil.

Tension germinator setup

Before starting up the tension germinator, the entire
air circuit must be empty of water droplets and the
system must be depressurized. The latter is achieved
by opening Valve 3, which must be kept open dur-
ing the next two steps. Valve 2 is then closed and
the water tank is filled with water. Next, the bub-
bling tower is also filled with water and the internal
mobile pipe is immersed to the desired /# (60 cm in
Fig. 1). After closing Valve 1, the Mariotte tube is
filled with water and the lower end of the immersed
pipe is placed at the same level as the nylon mesh.
Once all these steps are completed, Valve 3 is closed
to allow vacuum in the system and Valve 1 is opened
to allow water to flow into the aluminum recepta-
cle. At this point, a mixture of water and air bubbles
appears under the saturated nylon mesh. Air bubbles
are removed from under the mesh by suctioning them
out with a syringe. Once the nylon mesh is free of
air bubbles, a vacuum is generated in the system by
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sucking air through the syringe located at the top of
the Mariotte tube. The system will be at the desired
tension when the bubbling tower begins to bubble. At
this point, the difference in height at the water column
manometer should be equal to the length of the pipe
submerged in the bubbling tower (60 cm in Fig. 1).
It must be ensured that no air enters the aluminum
receptacle through the nylon mesh. If air inlets are
observed, the nylon mesh should be replaced prob-
ably due to the existence of small unwanted holes.
Once vacuum has been generated into the sys-
tem, Valve 2 is opened and the difference in height
between the lower ends of the external and internal
pipes of the water tank is equaled to the length of pipe
immersed in the bubbling tower. At this point, a slight
drip through the outer tube of the water tank should
be ensured by adjusting the opening of Valve 2.

The installation of a continuous vacuum genera-
tion system is needed because small misalignments
in the system can cause undesirable vacuum leaks
in the piping circuits and tanks. A similar process is
applied, for instance, in the pressure plates used in
soil physics, where a flow of air is constantly intro-
duced inside the plates. Thus, if we want to guarantee
a constant tension under the nylon mesh, a constant
vacuum must be generated inside the circuit.

Once the system is at the desired tension, a layer
of dry substrate is placed on the nylon mesh. At this
point, bubbling will appear in the Mariotte tube, until
the tension of the wet soil is in equilibrium with that
inside the germinator circuit. Finally, the seeds can
be placed on the soil layer. More details about seeds
placement are described in “TG experiments” section.

Soil hydraulic model

The water retention, (k) (Eq. 1) and unsaturated
hydraulic conductivity, K(h) (Eq. 2) functions used
to characterize the substrates were those described by
van Genuchten (1980) and Mualem (1976)

O(h) =06, + (6,-96,) [m] 1)

(1= @y [1 + (@hy'] ™"V
[1+ (@hy]?

K(h) =K, (2)
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where A is the matric potential [L] and 8 is the volu-
metric water content [L> L™>], 6, and 6, are the satu-
rated and residual volumetric water content, K| is the
saturated hydraulic conductivity [L T, a [L™'] and
n [—] are a scale and shape parameter, respectively,
and m=1 — 1/n. According to van Genuchten (1980),
0, is defined as the water content for which the gradi-
ent df/dh becomes zero.

The one-dimensional water flux, Q [L T'],
between two points inside a porous material is
defined by the Darcy’s law for unsaturated media
(Hillel 2012), which can be expressed as

0= —K(h)“Th 3)

where [ [L] and Ah are the distance and the water
tension gradient between two points inside a porous
media, respectively.

Seed imbibition experiments with TG and PEG

Two different germination experiments were per-
formed, one using polyethylene glycol (PEG) solu-
tions and the other using the TG device. For both
experiments, we used seeds of two species: bar-
ley (Hordeum vulgare L.) and vetch (Vicia sativa
L.). The selection of these species was based on
several criteria: (1) their ready commercial avail-
ability, (2) a high germination rate with rapid ger-
mination and absence of dormancy, (3) distinct
morphological characteristics, specifically being
a monocotyledonous (barley) and a dicotyledon-
ous (vetch). Moreover, vetch is a non-endospermic
seed with a well-developed embryo, characterized
by a larger size compared to barley. Conversely,
barley exhibits a less developed embryo, possesses
an endosperm, and is smaller in size compared
to vetch. (4) These species were previously used
in experiments conducted by the research team,;
hence we are familiar with them. (5) Additionally,
their imbibition curves differ, with a gradual slope
for barley and a more pronounced, steep slope
for vetch (Moret-Fernandez et al. 2023). Volume,
bulk densities and dry weight of the two seed spe-
cies are shown in Table 1. More details about cal-
culation of these seed parameters can be found in
Moret-Fernandez et al. (2023).

Table 1 Air-dried weight of 1000 seeds, W, and volume, V,
and air-dried bulk density, p,, of a single seed of barley and
vetch

w 14 Pb

2/1000 seed cm’/ seed g cm™3 /seed
Barley 48 0.043 1.12
Vetch 51 0.026 1.96

PEG experiments

PEG experiments consisted of measuring the cumula-
tive seed imbibition curve, calculated as the average
weight (W) gain of a set of seeds at seven different
levels of A (0, -0.001, -0.01, -0.1, -0.5, -1.5 and -2.5
MPa). These values correspond to the standard %
used by Moret-Fernandez et al. (2023) to estimate the
hydraulic properties of seeds. In addition, these same
PEG experiments were used to estimate the water
potential threshold, /pg, or A from which the imbibi-
tion curve decreases compared with that at #=0 MPa.
In a second step, and in order to simplify further anal-
ysis, 0, -0.001, -0.01, -1.5 and -2.5 MPa water poten-
tials were used to compare PEG imbibition curves
with those obtained with TG.

The h values were simulated using polyeth-
ylene glycol solutions (PEG 6000, Polyethyl-
ene glycol 6,000, Sigma-Aldrich; MDL Number:
MFCDO01779614), where the concentration was cal-
culated using standard equations (Michel and Kauf-
mann 1973). Distilled water was used as control.
Ten seeds of each species were used at each PEG
concentration. Three replicates were considered per
water potential and species. Seed viability range was
95-98% and 95% for barley and vetch, respectively.
Air-dried seed lots were first weighted to obtain the
initial weight of seeds. These seeds were then placed
in a 9 cm diameter Petri dish containing a filter paper
on which a volume of 8 ml distilled water or PEG
solution was applied. Petri dishes were placed in a
controlled temperature chamber, in the dark, at 18 °C
during 5-7 days. All seeds were weighted three and
two times per day, for the first and remaining days,
respectively. To this purpose, the seeds were extracted
from Petri dishes, dried with a dry filter paper,
weighted and placed back into the Petri dishes, which
were returned to the chamber. At the end of each day,
the Petri dishes plus the wet seeds were weighted and
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the loss of water, due to the extraction of the seeds to
be weighted, was replaced with distilled water or the
corresponding PEG solution. The volume of water or
PEG solution to be added corresponded to the differ-
ence between the first weighing of Petri dishes plus
seeds and the successive measurements. Water loss
by evaporation was considered negligible due to the
short duration of the experiments and the fact the
Petri dishes were at saturated atmospheric conditions.
The experiment lasted until a constant seed weight or
the emergence of the radicle (Bewley et al. 2013) was
observed in 80% of the seeds placed in the control
treatment. At the end of the experiment, the percent-
age of germinated seeds (defined by seeds with a 0.5
mm emerged radicle) was also assessed. In summary,
a set of three average cumulative seed imbibition
curves was obtained for each species.

TG experiments

Within the TG experiments, a calibrated sand (TG-
sand), and 1-mm sieved loam soil (TG-loam), were
used as substrates. The grain size of the sand was
80-160 pm. Van Genuchten (1980) parameters of
the water retention curves and saturated hydraulic
conductivity of the two substrates were measured
according to the Moret-Fernandez et al. (2021) pro-
cedure. Hydraulic parameters, textural characteris-
tics and organic carbon content of the two substrates
are shown in Table 2. To setup the TG experiments,
the stainless-steel cylinders were filled with the cor-
responding substrates, and the system was left unal-
tered until the matric potential of the substrate was
balanced with that on the nylon mesh (see “Tension
germinator setup” section). Three different & were
applied: 0, -0.002 and -0.006 MPa. Based on previ-
ous experiments, the 4 used in the TG were selected
because, (i) they are within the range of A values
allowed by the TG nylon membrane, and (ii) it is a
range of & within which the sand exhibits the highest
and practically zero hydraulic conductivity. Once the
tension in the substrate was equilibrated, a set of 10
air-dried seeds was weighted and placed on the sub-
strate. The seeds were buried until the top of the seeds
was level with the surface of the substrate. Next, a
small amount of soil was sprinkled over the remain-
ing surface of the seed, to create a thin layer of sub-
strate over the seed. This procedure allowed the seed
to remain covered and in contact with the substrate,
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Table 2 Texture, organic carbon (OC) content, saturated (6,) and residual (6,) water content, « and n parameters of the van Genuchten (1980) water retention curve, saturated

hydraulic conductivity (K,) of the used soils

6,

ocC

Clay

Silt

Sand

Soil

cm? ecm™

gKg™!

0.113 2.71 1.27 1072
1.52

0.43
0.53

0.02
0.01

11

962 27

280

Sand

1.80 1073

0.100

470 250 11.7

Loam
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while allowing the seed to be easily located for subse-
quent weighing. This process was repeated each time
the seed was removed for weighting and placed back
in the TG. The experiment lasted until a constant seed
weight or the emergence of the radicle was observed
in 80% of the seeds placed in the control treatment.
At the end of the experiment, the percentage of ger-
minated seeds was calculated. Three replications per
species, substrate and soil tension were done. This
means a total of 36 measurements with the tension
germinator. At the end of the experiment, three aver-
age cumulative seed imbibition curves were obtained
per species and substrate.

Statistical analysis

Within each seed species, hpg; was calculated using
the S, variable, which was defined as the slope of
the linear regressions between the PEG imbibition
curve measured at 0 MPa and the corresponding
curves measured at -0.001, -0.01, -0.1, -0.5, -1.5 and
-2.5 MPa, respectively. The relationship between the
PEG water potentials and the corresponding S, val-
ues was fitted to the dimensionless form of Eq. (1),
which is obtained for 8, equal to one and 6, equal to
zero. The optimized function, S, allowed obtaining o
and n parameters, from which hpgp; = L This opti-
mization process was performed with the R version
4.3.1 software (Project for Statistical Computing),
using a nonlinear (weighted) least-square method that
incorporates the Levenberg-Marquardt optimization
algorithm.

To compare the imbibition curves of vetch and
barley at different tensions in the PEG and TG experi-
ments we compared the values of seed weight at each
sampling point using ANOVA analysis.

To this end, the R version 4.3.1 (Project for Statis-
tical Computing) was used.

Results

Different shapes of K(4) and (k) functions calculated
according to Eqgs. 1 and 2 and input data of Table 2
were obtained for the sand and loam soil (Fig. 2).
While the water content of sand at -60 cm (-0.006
MPa) of matric potential was close to the residual
water content, 6, (Eq. 1), the corresponding water
content in the loam soil was much higher (Fig. 2a). In

0.7

7 © Sand
d 4 Loam

0.6

0.5

0.4

0 (cm3cm3)
0.3

0.2

0.1

000000000

0 50 100 150 200

K(h) (cm s?)
1606 1e-04 1e-02 1e+00

1e-08

1e-10

Fig. 2 a Water retention curves and b hydraulic conductivity
functions calculated for sand and loam soil by applying the 6,
K, a and n parameters of Table 2 to Egs. (1) and (2), respec-
tively

contrast, while K of sand was seven times larger than
that for a loam soil, the unsaturated hydraulic conduc-
tivity, K(h), of sand at -60 cm of soil tension was two
orders of magnitude smaller than the corresponding
K(h) for the loam soil (Fig. 2b). These figures show
that the hydraulic behavior of sand, with an extremely
small K(h) at -60 cm, is different from that of a loam
soil.

Figure 3 shows the average imbibition curves
measured in barley and vetch seeds wetted in the
PEG experiments at 0, -0.001, -0.01, -0.5 and -2.5
MPa water potentials and in TG-loam and TG-sand
at 0, -0.002 and -0.006 MPa soil tensions. Overall,
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PEG TG loam TG sand
0.08 0.08
= 0MPa * 0 0MPa
0,001 MPa . A~ -0.002 MPa
0.06 >~ -0.01 MPa 0.06 | [ -0.006 MPa A
-0.5 MPa
& S 25 MPa .
= S 0o s 2 o004
4] =
0.02 0.02
0.00 & 0.08 €
*
0.06
- —
o 2 o004
o 3
>
0.02
0.00 €
0 20 40 60 80 100
Time () Time (h) Time ()

Fig. 3 Average cumulative imbibition curves measured in bar-
ley and vetch seeds immersed in PEG solutions at 0, -0.001,
-0.01, -0.5 and -2.5 MPa, and curves measured in the ten-

different shapes of cumulative imbibition curves
were observed between barley and vetch in both
types of experiment (PEG and TG). While the long-
time cumulative imbibition curve measured in barley
increased at an almost constant rate, the correspond-
ing trend in vetch showed a steep increase during the
first 24 h of seed imbibition followed by a general
flattening.

Comparison between experimental S, and the cor-
responding S function measured from the PEG imbi-
bition curves (Fig. 4) showed that in both species the
hpge value, which represents the water potential at
which the imbibition curve starts to be significantly
different from that at 0 MPa, was -0.097 and -0.156
MPa for barley and vetch, respectively. It means that
within both seed species, the S, values remained con-
stant for 0>/ > -0.01 MPa (Fig. 4). These results were
supported by the absence of differences within each
sampling time between the PEG imbibition curves
measured at 0, -0.001 and -0.01 MPa, and by a similar
percentage of germination within the range [0, -0.01]
MPa (Table 3). Thus, the results showed that between
0 and -0.01 MPa, the imbibition curves measured
in PEG experiments were not affected by the water
potential. In contrast, for 7 < -0.01 MPa, a significant
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sion germinator, TG, with loam soil and sand at 0, -0.002 and
-0.006 MPa water potential. * denotes significant differences
(p <0.05) among seed weights within each sampling time

©
1o Barley
A Vetch 3
L=
P
PR
o PR
A S
v '
(%) :
)
0 i
o | 1
5
g <
=
o
g
o =
© :
T T T ‘I T
-0.0001 -0.001 -0.01 -0.1 -1
h (MPa)

Fig. 4 Experimental data (S,, represented by dots) and best
fits (S functions represented by solid lines) for the relationship
between water potentials and the slopes of the linear regres-
sions between PEG imbibition curves measured at 0 MPa and
the corresponding imbibition curves measured for -0.001, 0.01,
-1, -0.5, -1.5 and -2.5 MPa, calculated for barley and vetch
seeds. hpg; (represented by dotted lines) is the water potential
threshold at which the imbibition curve starts to be signifi-
cantly different from that at 0 MPa
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Table 3 Time for germination of 80% of seeds (in hours) and
germination rate (%) at the end of the experiment for barley
and vetch seeds in PEG and tension germinator (TG) experi-
ments at different water potentials. Different letters within the

same seed for PEG and send and soil type for TG experiments
indicate significant differences between water potentials. In
parenthesis, standard deviation of the sample

PEG
0 -0.001 -0.01
MPa
Hours for germination of 80% seeds
Barley 53a (3.5) 53a (3.5) 53a (3.5)
Vetch 72a (1.0) 72a (1.0) 72a (1.0)
% germination at the end of the experiment
Barley 100a (0.0) 100a (0.0) 100a (0.0)
Vetch 100a (0.0) 100a (0.0) 90a (1.0)
TG loam
0 -0.002 -0.006
MPa
Hours for germination of 80% seeds
Barley - 48a (13.8) 72a (17.0)
Vetch - 72 (12.2) -
% germination at the end of the experiment
Barley 27b (0.6) 93a (0.5) 80a (1.0)
Vetch 53a (0.6) 27b (0.6) 0c (0.0)

72 53a (11.0) -

93a (1.2) 33b (0.6)
10b (1.0) 0Ob (0.0)
TG sand

0 -0.002 -0.006
MPa

- 53 (20.0) -

13b (0.5) 93a (0.6) 0b (0.0)
0b (0.0) 67b (0.6) 0a (0.0)

- symbol denotes percentage of germination < 80 %

influence of PEG solution on seed imbibition was
observed, with decreasing slopes of cumulative imbi-
bition curves (Fig. 3) and germination rates (Table 3)
as water potential decreases. In both seed species, the
time needed for germination tended to increase with
lower osmotic potentials in PEG solutions (Table 3),
e.g. for vetch, potentials lower than -0.5 MPa pre-
vented germination in the PEG experiments.

Overall, within TG-loam experiments, the water
potentials between 0 and -0.006 MPa did not have
any significant effect on the imbibition curves (except
for vetch on TG loam 5 h) (Fig. 3), where all curves
measured in barley and vetch almost overlapped
each other. In contrast, a very different behavior was
observed in TG-sand, where the average seed weight
measured in barley and vetch at the different sampling
times and the three different water potentials were
significantly different from each other. Thus, while
a null imbibition curve was observed in barley and
vetch at -0.006 MPa, the imbibition curve at -0.002
MPa was midway between 0 and -0.006 MPa. In both
species, the highest percentage of germination corre-
sponded with & = -0.002 MPa (Table 3).

The significant linear relationship, with a slope
value close to one, for the comparison between seed
weights measured in both species and sampling times
with PEG at 0 MPa and the corresponding TG-loam
and TG-sand also at 0 MPa, indicates quasi-equal
seed imbibition curves was obtained in both PEG and
TG at 0 MPa (Fig. 5).

Discussion

Since seed imbibition is a passive process that
depends on the relationship between internal water
potential of the seed and that of the surrounding
medium (Hegarty 1978), the imbibition rate of a dry
seed decreases with the increase of the concentration
of PEG solutions (Bewley et al. 2013; Vertucci 1989).
However, according to Fig. 4, under the absence of
water supply restrictions between the seed and the
surrounding medium, the imbibition process in PEG
between 0 and -0.01 MPa was not affected by the 4 of
the germination medium. In addition, the significant
relationship, with a slope value equal to one, between
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Fig. 5 Relationship between the seed weights measured in
both seed species and sampling times with PEG at 0 MPa at
the end of the experiment and the corresponding values meas-
ured with TG in the two substrates and seed species at 0 MPa

the barley and vetch seed weights measured with PEG
at 0 MPa and the corresponding values measured
with TG-loam and TG-sand at 0 MPa (Fig. 5) indi-
cates that seeds exhibit similar imbibition curves in
the absence of water supply restrictions, and hence
the imbibition process at 0 MPa is independent of the
media where the seeds are placed.

Although PEG imbibition curves at -0.002 and
-0.006 MPa are not available, these curves can be
extrapolated from the PEG imbibition curves meas-
ured between 0 and -2.5 MPa. Thus, according to
Fig. 4, the PEG imbibition curves at -0.002 and
-0.006 MPa should correspond to that measured at
0 MPa. On the other hand, if we assume that PEG
and TG curves at 0 MPa are equal to each other
(Fig. 5), then the PEG curves at 0, -0.002 and -0.006
MPa are equivalent to the TG curve at 0 MPa. Tak-
ing these assumptions into account, results showed
that although no differences are observed between
TG-loam imbibition curves and PEG curves ranging
between 0 and -0.01 MPa, the imbibition curves in
TG-sand at & < -0.002 MPa are significantly different
to the PEG curves within the [0, -0.01] MPa interval.
Since seed imbibition curves in PEG depend only on
h, the different behavior between sand and loam soil
indicates that the imbibition process should depend
not only of 4 but also on the medium where the seed
is placed. As reported by Williams and Shaykewich
(1971) and Hadas and Russo (1974) these differ-
ences should be caused by the hydraulic properties

@ Springer

of the porous substrate that surrounds the seeds, e.g.
soil. Thus, while in PEG experiments the imbibi-
tion of completely wet seeds is only limited by the
Ah between seed and the external solution, the seed
imbibition process within porous substrates is con-
trolled by both Ah (Eq. 3) and the K(h) (Eq. 2) of the
substrate. All this information is summarized by the
Darcy’s law for unsaturated media (Eq. 3), which can
be applied to the seed-soil system. According to Eq. 3
the flow of water from the soil to a seed depends on
the soil K(h) and the relationship between the dis-
tance and the Ah between a point of soil and the seed
surface. In conclusion, unlike to PEG experiments,
where there is no hydraulic restriction between the
seed and the water solution, the imbibition curve of
a seed buried in a soil depends on both Ah and the
K(h) of the soil. This theoretical description agrees
with Camacho et al. (2021), who observed that K(h)
rather than A, was a more informative variable to pre-
dict seed germination in soil.

Based on these general theoretical considerations,
we can then discuss in detail the different behaviors
observed between the seed imbibition curves obtained
in the PEG and TG experiments:

i. The significant relationship with slope close to
one obtained in the two species for the compari-
son between PEG and TG-loam and TG-sand at
0 MPa (Fig. 5) is explained by the fact that K|
(Eq. 2) of the sand and loam soils was not a lim-
iting factor for the seed imbibition process. At
h=0 MPa, the high imbibition rate during the
first steps of seed hydration is explained by the
large Ah between the seed (around -50 to -350
MPa, Bewley et al. 2013) and the surround-
ing medium. However, as water is absorbed by
seeds, the & of the seed increases reducing Ah
and thus the rate of water absorption.

ii. The similarity observed when comparing the
TG-loam curves between 0 and -0.006 MPa and
the PEG curves within the [0, -0.01] MPa inter-
val, indicates that the K(/) of the loam soil for
0>h > -0.006 MPa (Fig. 2) was not a limiting
factor for seed imbibition either.

iii. The completely different seed imbibition behav-
ior observed between the null seed imbibition
measured in TG-sand at -0.006 MPa (Fig. 3)
and the PEG curves measured at more nega-
tive water potential (i.e. -0.01 MPa), indicates
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that this porous media has a significant effect on
seed imbibition. By allusions, there would also
be a contradiction between this null imbibition
curve in TG-sand and the PEG curve at -2.5
MPa, since this latter shows an increasing trend
despite the more negative i value. As suggested
by Hadas and Russo (1974) and Camacho et al.
(2021), the null imbibition curves found in sand
should be related to the low unsaturated hydrau-
lic conductivity of this material at -0.006 MPa
(Fig. 2), which drastically restricted the water
flow between the sand and the seeds. Note that
this hydraulic limitation does not exist in the
PEG experiments, where the seeds are in con-
stant contact with a film of water. Thus, these
results, which demonstrate that seed imbibition
in soil depends on A/ and the soil K(h), clearly
indicate that PEG experiments are not adequate
to describe seed germination under soil condi-
tions.

iv. The intermediate imbibition curve behavior
observed in the TG-sand experiment at -0.002
MPa for both species, indicates that there was a
moderate restriction of water flow between the
sand and the seeds at this soil tension. Although
this behavior could be explained by the low
unsaturated hydraulic conductivity of the sand
at -0.002 MPa (Fig. 2) (Hadas and Russo 1974;
Camacho et al. 2021), there seems to be a sort
of contradiction between these results and those
observed in TG-loam at -0.006 MPa, which,
with lower unsaturated hydraulic conductiv-
ity (Fig. 2), the corresponding imbibition curve
was less affected by i (Fig. 3). Thus, the higher
water flow restriction between the seeds and
sand at -0.002 MPa could be also explained by
low water content of sand at that soil tension
(Fig. 2) or a poor contact between seeds and the
surrounding soil particles. Thus, these results
suggest that seed imbibition could depend not
only on the surrounding 4 and K(h), but also
on other factors such as: (1) soil water content;
while PEG experiments show that vetch can ger-
minate at -2.5 MPa, in most soils, germination
is not possible at this water potential because its
soil moisture corresponds to the residual water
content, or (2) the surface contact between seeds
and soil, which determines the capacity of the
soil to provide water to the seed independently

of the soil K(h) and Ah between seed and soil.
Thus, these results open the door to new applica-
tions of TG, which could be used, for instance,
to study the role of seed shape or the mucilage
as a strategy to increase the surface contact with
the soil (Tsai et al. 2021).

All these results indicate, as reported by Camacho
et al. (2021), that PEG experiments are not appropri-
ate to infer germination behavior under field condi-
tions. This conclusion, however, does not mean that
PEG experiments are not useful in other kind of
experiments about seed germination in controlled
conditions, e.g. they provide information about the
most negative i below which the seed stops absorbing
water. And they are an essential tool to characterize
the hydraulic properties of the seeds (Moret-Fernan-
dez et al. 2023).

The different shapes of imbibition curves obtained
in TG for barley and vetch and 0 and -0.002 MPa
(Fig. 3) suggest that the imbibition process does
not only depend on the soil hydraulic properties but
also the intrinsic hydraulic properties of the seeds
(Vertucci 1989): the water retention curve and the
hydraulic conductivity function (Moret-Fernandez
et al. 2023). Finally, compared to -0.002 MPa, the
lower germination percentage obtained in TG-sand
and TG-loam at 0 MPa (Table 3), may be due to the
lack of soil aeration (Bewley et al. 2013). Previous
articles have found that, at saturation, lower oxygen
conductivity reduces seed germination, but this effect
depends on soil texture (Dasberg and Mendel 1971),
in our case the soil pore space at 0 MPa is completely
filled with water, which can be producing a limitation
in oxygen diffusion. However, it needs to be studied
yet why this does not occur in PEG.

Usually, wet thermal accumulation models to sim-
ulate seed germination are built using PEG to simu-
late soil water potential or to test osmotic stress on
germination of certain weed species. Based on our
results, this technique is not accurate enough. But
these models are used with some success in predict-
ing seed germination in field (e.g. 60% of success-
ful predictions in Rawlins et al. 2012). These good
results could be explained by the fact that over some
potentials interval, the PEG experiments have similar
imbibition curves than soil (i.e. loam soil at [0, -0.01]
MPa). Our findings have the potential to enhance the
precision of wet thermal accumulation models. These
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models traditionally rely on the assumption of a soil
water potential threshold below which germination is
deemed impossible. This threshold is sometimes arbi-
trarily set, as using values such as the wilting point
or others (Bullied et al. 2012 or Rawlins et al. 2012),
or it is derived as the minimum potential required for
germination in PEG germination experiments (Boddy
et al. 2012; Watt et al. 2010; Patané and Tringali
2010). Our results challenge both of these assump-
tions. Firstly, we illustrate that the seed imbibition
process depends on both seed and soil properties.
Consequently, assuming a uniform threshold potential
for all soil and seed combinations is not realistic. Sec-
ondly, we establish that the thresholds provided by
PEG germination experiments are unrealistic because
they do not account for soil properties, resulting in
excessively negative thresholds that may not corre-
spond to real soil water availability.

Thus, the TG is a solution that allows a more real-
istic study of seed imbibition processes, which vary for
each combination of soil and seed. This device, which
is inexpensive and easy to implement, present great
stability and precision and does not require external
electrical vacuum pumps, has proven to be effective in
maintaining a constant tension on the soil layer. How-
ever, the main limitation of this new device is that the
10 pm pore size nylon mesh used in the design limits
the minimum water potential to -0.008 MPa. Above this
suction, the rupture of the water film contained within
the pores of the mesh breaks the vacuum inside the
germinator. Although more negative suctions could be
obtained by using meshes with smaller pore size, this
would imply lower permeabilities, which could restrict
the replenishment of water lost by evaporation. Thus,
although the nylon mesh used allowed demonstrating
that the hydraulic characteristics of the soils have a sig-
nificant influence on seed germination, further studies
would be needed to test alternative meshes of smaller
pore size that could achieve more negative stresses
without significantly affecting mesh permeability. How-
ever, although this device is limited to relatively coarse
textured soils, its applications in seed ecology are very
broad. Since the unsaturated hydraulic conductivity of
sand is very sensitive to &, small variation in s will result
in larger changes of K(h) (Fig. 2). This large elasticity
would allow, for instance, studying the influence of K(h)
on the seed imbibition time or quantifying a hypothetical
critical @ for seed germination. In addition, TG could be
also used, for instance, to study the strategies of some
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seed species to improve the seed imbibition under soil
hydraulic conductivity restrictions.

One could argue that these results are unreliable due
to the low number of seeds per replicate. In fact, if this
were an experiment aimed at studying the germination
characteristics of vetch and barley seeds (e.g., germina-
tion speed), this low number would make it impossible
to draw reliable conclusions. However, since the goal of
the article is not to investigate germination but rather to
test the TG and compare PEG with real soils, this seed
quantity is sufficient. There is another necessary caveat,
regarding the methodology, maybe the measures of
weight we did to calculate the imbibition curves are not
enough to capture the shape of the imbibition curve at
the very beginning of the imbibition, when imbibition
rate is high. In the current study, this is not relevant,
since the objective of the experiment is to demonstrate
the use of the TG and compare it with PEG. However,
in future experiments, in which the objective is to com-
pare germination curves between species or varieties, it
will be necessary to measure the imbibition curves with
a higher frequency at the beginning of the experiments.
In fact, tests should be done for different species, since
this intensive weight sampling period may be shorter or
longer depending on the species studied.
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