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Abstract 
Aims  Assuming the saturated, θs, and residual θr 
volumetric water contents of a seed as known inputs, 
we present a methodology to determine the hydrau-
lic properties of a seed: α, n parameters and hydraulic 
conductivity Ks.
Methods  The seed is considered as a porous mate-
rial in which water flow is governed with the same 
hydraulic properties defined for soils. Using the 
HYDRUS-2D software, the hydraulic properties of 
a seed were estimated from the inverse analysis of 
several cumulative seed imbibition curves measured 
at different seed water potentials, h. The optimum 
number of h was evaluated on synthetic seeds. The 
theoretical analysis was validated in laboratory exper-
iments on barley, wheat and vetch seeds, where imbi-
bition curves were measured with germination tests at 
seven levels of h (from 0 to -2.50 MPa).

Results  The theoretical analysis showed that accu-
rate estimates of α, n and Ks can be obtained if the 
most negative h-values are included in the optimiza-
tion. The sensitivity analysis showed that the method 
allows obtaining a unique solution of α, n and Ks. 
The optimization error on the theoretical α, n and Ks 
was less than 1%. A satisfactory validation was also 
obtained on the experimental seed imbibition curves, 
with robust fits between the measured and optimized 
data. A unique solution of α, n and Ks was also 
obtained in all cases.
Conclusions  A new method to determine the 
hydraulic properties of a seed is presented. This 
methodology could be used in different areas involv-
ing seed imbibition and also to simulate seed imbibi-
tion in different scenarios.

Keywords  Water retention curve · Hydraulic 
conductivity · Germination · Seed water content · 
Water potential · HYDRUS-2D

Introduction

Seed germination is defined as the fundamental pro-
cess by which different plant species grow from a 
single seed into a seedling. Germination begins with 
water uptake by the seed (imbibition) and ends with 
the emergence of the embryonic axis (usually the 
radicle) through the structures surrounding it (Bewley 
et al. 2013). Seed imbibition, which marks the period 
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when a seed changes from an anhydrous to a fully 
hydrated organism (Vertucci 1989), is a crucial phase 
for seed germination, without which no germination 
is possible. This process is required for the resump-
tion of metabolism and initiation of cellular events 
leading to radicle emergence.

Seed imbibition is controlled by three factors: the 
initial moisture content of the soil, the temperature 
of the medium, and the rate at which water is taken 
up (Pollock 1969). While the first two components 
are controlled by the environment, the last factor is 
a function of both the environment and the intrinsic 
properties of the seed. During seed imbibition, there 
is an influx of water into the seed promoted by a dif-
ference in water potential (h) between the seed and 
the surrounding medium (Bewley et  al. 2013). Con-
tinued availability of water to the seed will depend on 
the relationship between seed and soil water poten-
tials. During the initial steps of the seed imbibition, 
there is a rapid increase of seed weight due to a high 
seed-soil water potential gradient. However, as water 
is absorbed into the seed, h of the seed becomes less 
negative as the cellular components become hydrated 
and the water potential gradient for water uptake 
decreases. This slows the rate of water uptake, which 
approaches a plateau or slow increase in water con-
tent (Bewley et al. 2013). The duration of imbibition 
depends on certain inherent properties of the seed and 
on the prevailing conditions during hydration, and 
imbibition rates can vary according to the different 
parts of a seed (Vertucci 1989). Further water uptake 
is dependent primarily upon embryo growth associ-
ated with completion of germination and subsequent 
seedling growth (Bewley et  al. 2013). Regarding to 
the effect of temperature on imbibition process, while 
Wol et al. (1989) observed that temperature had a lit-
tle influence on seed imbibition, Abu-Ghannam and 
McKenna (1997), Khazaei and Mohammadi (2009) 
and Shafaei, and Masoumi (2014) found that its effect 
could be considered negligible.

The cumulative imbibition curve of seeds as func-
tion of the external water potential can be measured 
in laboratory using Polietilenglicol (PEG) solutions 
(Lawlor 1970; Michel 1983), which generates a 
potential that is assumed to be equal to the soil matric 
potential (Sharma 1973; Steuter et al. 1981). Increas-
ing concentrations of PEG results in more negative 
water potentials. Given that water uptake depends 
on the relationship between the water potential of 

the seed and that of the germination medium (Bew-
ley et al. 2013), the imbibition rate of a dry seed will 
decrease with the increase of the PEG concentra-
tions. Thus, an increasing range of water potentials 
reduce imbibition in seeds and allow the determina-
tion of germination thresholds (Bewley et  al. 2013). 
PEG solutions have been widely used in germination 
experiments, such as experiments to determine hydro-
thermal thresholds (Frischie et al. 2019), seed prim-
ing experiments (Santini et al. 2017) or to study seed 
imbibition (Vertucci 1989). However, despite the 
great efforts made to study the kinetics of seed imbi-
bition (Vertucci 1989; Shafaei and Masoumi 2014) or 
the relation between imbibition and h (Hadas 1976), 
to date there are very few works that have analyzed 
the interaction between seed imbibition and the 
surrounding medium. For instance, Williams and 
Shaykewich (1971) showed that the soil hydraulic 
conductivity could be a limiting factor in the germi-
nation process, and Hadas and Russo (1974) observed 
that the decrease in the soil hydraulic conductiv-
ity reduced the rates of water uptake and germina-
tion. More recently, Camacho et  al. (2021), showed 
that hydraulic conductivity, rather than h, is a more 
informative variable to predict both total seed ger-
mination rate in soil. In conclusion, it can be stated 
that the kinetics of water uptake into seeds is influ-
enced by the properties of the seed, as well as by the 
environment in which it is imbibing (McDonald et al. 
1994; Salanenka and Taylor 2011). In addition, seed 
permeability is influenced by morphology, structure, 
composition, initial moisture and temperature of 
imbibition (Vertucci 1989; Bewley et al. 2013).

To date, several models have been developed to 
simulate the seed germination process. All of them, 
which focus on capturing the three phases of the 
soaking process, are based on empirical formulations 
that employ polynomial (Pimenta et  al. 2014), sig-
moidal (Demirhan and Özbek 2015) or logistic mod-
els (Peleg 1988; da Silva et al. 2018), among others. 
However, although the estimated parameters repre-
sent information that elucidates the germination pro-
cess, these models are based on empirical functions 
fittings that do not consider the hydraulic character-
istics of the seeds, essential properties for simulating 
seed imbibition when immersed in soils with con-
trasting hydraulic properties.

Despite all these advances, to date there is no phys-
ical model to quantify the kinetics of seed imbibition, 
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nor methods to characterize the properties that regu-
late the seed imbibition process. If we assume that 
seed imbibition is a physical process (Hegarty 1978), 
this process should be able to be described by the 
laws of hydraulic flow, which involve the hydrau-
lic conductivity, K, and the water potential differ-
ence between the seed and its surroundings. Conse-
quently, if the boundary conditions of experiments 
studying water infiltration in soils are similar to 
those for seed imbibition, the same equations used in 
soil physics could be employed to describe the seed 
kinetics (Vertucci 1989). Taking these assumptions 
into account, seeds could be considered as a kind of 
porous black box with average hydraulic properties. 
Based on this hypothesis, the same methods used to 
characterize the hydraulic properties of soils could be 
applied to characterize the seed kinetics. This meth-
odology could be, for example, the one developed by 
Moret-Fernández et al. (2016a), in which soil hydrau-
lic properties of a soil column are determined from 
the inverse analysis of multiple cumulative capillary 
absorption curves measured at different tensions. By 
analogy, the hydraulic properties of a seed could be 
characterized, for example, from the inverse analysis 
of a set of cumulative imbibition curves measured 
for a seed immersed in different PEG solutions, PEG 
concentrations that infer different water potentials. 
However, as PEG solutions do not reproduce soil con-
ditions (Camacho et al. 2021), their use should be, in 
principle, limited to laboratory conditions. Knowing 
the hydraulic properties of the seeds, it would be then 
possible to simulate seed imbibition in very different 
scenarios (e.g. different soil in varied environmental 
conditions).

The objective of this work is to present a new 
methodology to determine the hydraulic properties 
of a seed during the imbibition process, data from 
which the seed imbibition process could be modeled. 
The methodology is based on the hypothesis that 
seed imbibition is a physical process resulting from 
the interaction between surrounding soil and seed 
water potentials. Taking this concept into account, the 
seed is then considered as a homogeneous black box 
porous material in which the water flow is governed 
by hydraulic properties characteristic of soils. Con-
sequently, the same models applied in soil hydraulics 
can be applied to seeds. Using HYDRUS-2D, the 
hydraulic properties of a seed were estimated from 
the inverse analysis of several cumulative imbibition 

curves generated on synthetic seeds submerged in dif-
ferent boundary water potentials. A theoretical analy-
sis was first performed to verify the number of exter-
nal water potentials necessary to accurately estimate 
the hydraulic properties of a seed. In a second phase, 
a laboratory methodology was developed to validate 
and apply the theoretical analysis to experimental 
imbibition measures. To this end, 3 different seed 
species were used.

Material and methods

Hydraulic model

The water retention (Eq.  1) and hydraulic conduc-
tivity (Eq.  2) functions used to characterize the 
hydraulic behavior of a seed corresponded to the van 
Genuchten (1980) and Mualem (1976) models, which 
have been widely validated and used worldwide in 
soil hydrology studies. These functions are expressed 
as

h is the water pressure head or water potential, [L], θs 
and θr are the saturated and residual volumetric water 
content [L3 L−3], Ks is the saturated hydraulic conduc-
tivity [L T−1], α [L−1] and n [ −] are a scale and shape 
parameter, respectively, and m = 1 − 1/n. According to 
van Genuchten (1980), θr is defined as the water con-
tent for which the gradient dθ/dℎ becomes zero.

Inverse analysis to estimate the seed hydraulic 
properties

According to Eqs. (1) and (2), the hydraulic charac-
terization of a single seed requires knowing the θs, 
θr, Ks, α and n parameters. Assuming θr and θs as 
known values, α, n and Ks parameters are optimized 
by minimizing an objective function, Q (Eq. 3). This 
Q function represents the difference between a curve 
resulting from consecutively joining several imbi-
bition curves simulated with HYDRUS 2D (WHy) 
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at different boundary water potentials and the cor-
responding experimental (Wo) curve (Latorre et  al. 
2015; Moret-Fernández et al. 2016a, 2021)

where Nu is the number of measured, W values, Wo(ti) 
and WHy(ti) are specific measurements at time ti. 
Minimization of the objective function Q was accom-
plished by a brute-force search (Pardalos and Romeijn 
2002), which enumerates all possible candidates of 
α, n and Ks to a certain precision and selects the best 
result.

Numerical experiments

Two different numerical experiments were consid-
ered. The first one consisted of optimizing Ks, α and n 
from the inverse analysis of a multiple-tension imbi-
bition curve generated on a synthetic seed. For this 
purpose, a synthetic and hypothetical porous mate-
rial of a size similar to that of a barley seed (Fig. 1) 
was defined. The theoretical θr, θs, Ks, α, and n, were 
empirical values fixed to 0.59 and 0.08 cm3  cm−3, 
5.64 10–9  cm  h−1, 3.8 10–5  cm−1 and 1.80, respec-
tively. Since the objective of the numerical experi-
ment is to validate the feasibility of the method, the 
selected θr, θs, Ks, α, and n should not necessarily 
correspond to actual hydraulic properties of seeds.

Correct application of the numerical analysis 
requires to define the initial water potential of the 
seed, hi, which was defined in each of the nodes of the 
mesh generated within the seed (Fig. 1). Because the 
inverse analysis is performed in the range of tensions, 

(3)Q
�
Ks, �, n

�
=

����∑Nu

1
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�
ti
�
−WHy

�
ti
��2

Nu − 1

and since the cumulative imbibition curve depends 
on initial volumetric water content, θi, the θi value 
must be independent of hi. Otherwise, an incorrect 
definition of hi will affect θi and thus the shape of the 
cumulative imbibition curve. To prevent this problem, 
we assume that θi corresponds to that for an air-dried 
seed, which value is equal to θr, or water content per-
sisting in the porous material after a long period of 
air-drying (Moret-Fernández et al. 2021). According 
to van Genuchten (1980), θr corresponds to the |h| 
value above which there is no change in water content 
with increasing values of h. Thus, hi was defined as 
the h at the beginning of the flat section of θr, and was 
calculated as h at which θ is 0.01% higher than θr. In 
this case, no significant changes in θi can be found for 
|h| >|hi| (Fig. 2). The minimum hi threshold was lim-
ited to -1020 cm (-1016 MPa).

The imbibition curves needed to apply the inverse 
analysis were generated with the HYDRUS-2D soft-
ware (Fig. 1). To this purpose, the shape of the syn-
thetic seeds was first delimited. Although it is well 
known that the seed volume increases in wet seed, 
a constant seed volume was considered, the value 
of which corresponded to that of a saturated seed 
(Table 1).

To simplify the numerical analysis, the seed volume 
corresponded to the rotation of a plane defined around 
the z-axis (Fig.  1). After sizing a saturated seed with 
a precision caliper, the measured dimensions were 
plotted in HYDRUS-2D. A contour in the xy plane 
with the same dimensions and shape than the half of 
a vertical section of a real seed was defined (Fig.  1). 
The seed surface was discretized as an unstructured 
FE-Mesh, where targeted FE mesh was fixed to 
0.03  cm. Previous numerical analysis demonstrated 
that, under this discretization, the solution was grid 

Fig. 1   Unstructured FE-
Mesh used in HYDRUS-2D 
to reproduce the longitudi-
nal plane of a (a) barley, (b) 
wheat and (c) vetch seeds
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independent. Although initial water uptake in seed can 
occur in specific locations or through inherent structural 
features in the surrounding tissues (Bewley et al. 2013), 
a homogeneous seed volume was considered. The time 
analysis run from 0 to 192 h, and hi was set to the h 
value at which θ is 0.01% higher than θr.

Once the seed shape and parameters were defined, 
we proceeded to evaluate the sensitivity of the proce-
dure to estimate Ks, α, and n from the inverse analy-
sis of successive imbibition curves. Given the limited 
number of parameters, a global sensitivity analysis 
was used. In this approach, we performed exhaus-
tive evaluations of the model by varying pairs of 

variables to discern the input parameters that could 
be classified as negligible, co-linear, or involved in 
interactions with other factors. While more efficient 
sampling methods have been introduced, such as 
those by Campolongo et  al. (2007), our exhaustive 
approach offers a comprehensive view of the param-
eter space. This proves especially valuable in inverse 
analyses where the choice of an optimization method 
hinges on the characteristics of the error map, includ-
ing the presence of local minima or elongated valleys. 
Similar approaches have been used by Simunek and 
van Genuchten (1996), Simunek and van Genuchten 
(1997), Simunek et  al. (1998) or Peña-Sancho et  al. 
(2017), among others. Thus, four independent syn-
thetic imbibition curves were generated at boundary 
conditions of 0, -0.5, -1.5 or -2.5 MPa, which values 
were defined in the external wall of the seed (Fig. 1). 
These curves were then joined in a series, creating a 
single curve. Four different scenarios or combinations 
of imbibition curves with increasing sequences of 
boundary conditions were evaluated: H1: 0 MPa; H2: 
H1 + -0.5 MPa; H3: H2 + -1.5; and H4: H3 + -2.5 MPa. 
The three hydraulic parameters to be optimized, α, Ks 
and n varied over the ranges [10–8, 10–3] cm−1, [10–13, 
10–5] cm h−1 and [1.2, 2.0], respectively. The degree 
of mismatch between theoretical and simulated curves 
was computed with the Q objective function (Eq. 3), 
which values were summarized as contours lines or 
error maps for the three possible combinations: Ks–n, 
α–n and Ks–α. Within each error maps, the remaining 
hydraulic parameter was matched to the correspond-
ing theoretical value. The parameter combinations for 
each response surface were calculated on a rectangu-
lar grid, where each parameter was discretized into 
40 points, resulting in 1600 grid points by response 
surface.

Fig. 2   Example of water retention curves (Eq.  1) with the 
same α, saturated (θs) and residual(θr) volumetric water con-
tent values, but different values of n (1.5, red line, and 2.2, blue 
line). hi denotes the tension, h, at which the volumetric water 
content, θ, of the respective water retention functions is 0.01% 
higher than θr

Table 1   Weight of a dry at 105 ºC, W105_ex, air-dried, Wr_ex, 
and saturated, Ws_ex, individual seed, volume of an single air-
dried, Vr_ex and saturated, Vs_ex, seed, bulk density of an air-
dried, ρb_r, and saturated, ρb_s, individual seed, and saturated, 

θs_ex, and residual, θr_ex, volumetric water content of a single 
seed averaged from a number of N seeds of barley, wheat and 
vetch species

N W105_ex

N

W
r_ex

N

W
s_ex

N

V
r_ex

N

V
s_ex

N

ρb_r ρb_s θr_ex θs_ex

g cm3 g cm3 cm3 cm−3

Barley 20 0.045 0.048 0.078 0.043 0.058 1.12 0.77 0.08 0.59
Wheat 20 0.045 0.045 0.076 0.044 0.090 0.92 0.45 0.09 0.39
Vetch 10 0.050 0.051 0.098 0.026 0.062 1.76 0.74 0.19 0.85
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A second numerical experiment consisting of gen-
erating medium- (192 h) and long-time (500 h) seed 
imbibition curves for boundary tensions of 0, -0.001, 
-0.01, -0.1, -0.5, -1.5 and -2.5  MPa was performed. 
These curves were subsequently used to compare the 
seed water content, θf, at the end of the medium- and 
long-time imbibition experiments, where θf was cal-
culated as

where Wf is the seed water uptake at the end of the 
corresponding imbibition experiments, and Wd and 
ρb are the dry weight and bulk density of the theo-
retical seed, which values were fixed to 0.0405 g and 
0.768 g cm−3.

Experimental imbibition curves

Three agronomic species were selected: barley (Hor-
deum vulgare L.), wheat (Triticum aestivum L) and 
vetch (Vicia sativa L). These were chosen because 
availability, relatively big size to facilitate manipula-
tion and because, being agricultural varieties, the ger-
mination process will be very homogeneous among 
seeds of the same species. A different number, N, of 
air-dried seeds, depending of the seed size (Table 1), 
were used.

The imbibition curves of the experimental seeds 
correspond to the seed weight increase, W_ex, as a 
function of time. A total of seven imbibition curves 
measured in germination tests at water potential 
of 0, -0.001, -0.01, -0.1, -0.5, -1.5 and -2.5  MPa 
were recorded. The water potential was simulated 
using polyethylene glycol (PEG 6000, Polyethyl-
ene glycol 6,000, Sigma-Aldrich; MDL Number: 
MFCD01779614). The appropriate concentration for 
each level of water potential was determined based 
on Michel and Kaufmann (1973) equations. Distilled 
water was used as control. Germination experiments 
of each species were replicated once.

A set of N air-dried seeds (Table  1) were first 
weighted to obtain the average initial/residual weight 
of a seed, Wr_ex. These seeds were next placed in a 
9-cm diameter Petri dish on a filter paper moistened 
initially with 8 to 12 ml (depending on the seed size) 
of either distilled water or PEG solutions. Petri dishes 
were placed in a dark chamber at 18 ºC and saturated 

(4)�f =

(
Wf −W

d

Wd

)
�b

atmospheric conditions. All seeds were weighted 
three and two times per day, for the first and remain-
ing days, respectively. To this end, the seeds were 
extracted from the Petri dishes, excess water was 
soaked with a dry filter paper, weighted and placed 
back into the Petri dishes, which were finally returned 
to the chamber. At the end of each day, the Petri 
dishes plus the wet seeds were weighted and the loss 
of water due to seed manipulation was replaced with 
distilled water or the corresponding PEG solution. 
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 during 5–7  days 
until constant weight of seed or the emergence of 
the radicle (or other embryonic tissue) (Bewley et al. 
2013) on 80% of seeds placed in the distilled water. In 
summary, this experiment allowed obtaining an aver-
aged set of cumulative seed imbibition curves (one 
for each water potential). In this case, 1 g of increase 
in seed weight corresponds to a 1 cm3 of water inflow 
into the seed.

An additional experiment was performed to meas-
ure the average initial/residual volumetric water 
content of a seed, θr_ex, value that is required by 
HYDRUS-2D.

where W105_ex is the weight of a set of N seeds after 
drying them at 105 ºC during 24  h and ρb_r is the 
average bulk density of the air-dry seeds. ρb_r was cal-
culated according to

where Vr_ex is the volume of a set of N seeds, meas-
ured as the increase in water height after immersing 
air-dried seeds in a graduated cylinder with water. To 
avoid water absorption during Vr_ex measurements, 
the seeds were waterproofed with a silicone spray 
coating. Since different sets of seeds may have differ-
ent average volumes and weights and, consequently 
different values of W105_ex and Wr_ex, we will assume 
that θr_ex is a constant value within each seed specie.

Since the seed volume changes with seed water 
content (Bewley et al. 2013), the bulk density of the 
saturated seed, ρb_s, was calculated as

(5)�r_ex =

(
Wr_ex −W105_ex

W105_ex

)
�b_r

(6)�b_r =
W105_ex

Vr_ex
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where Vs_ex is the volume of a set of N seeds meas-
ured at saturated seed conditions. To measure Vs_ex, 
a set of N air-dry seeds were placed in a Petri dish 
with saturated filter paper, until the onset of germina-
tion. Next, the hydrated seeds were immersed in the 
graduated cylinder with water to determine the aver-
age value of Vs_ex.

Since the sets of seeds used in the imbibition 
experiments with different PEG solutions have dif-
ferent mean sizes and weights, and consequently 
can potentially have imbibition curves with differ-
ent shapes, the optimization process requires siz-
ing and subsequent scaling of the imbibition curves. 
This process allows that all curves showed the same 
water absorption at the end of the different imbibition 
experiments. Within each PEG solution experiment, 
the dimensioned seed weight, W[0,1], was calculated 
according to

where Wex_s is the final weight of the N seed within 
each PEG experiment, just before seed germination or 
after flattening of the imbibition curve.

The seed weight, Wo, used in the optimization pro-
cess was then scaled as

where WS and W105 are the average weights of seeds 
at saturation and dried at 105 ºC, respectively. For WS 
calculation, only curves where seeds were completely 
saturated were selected. W105 was calculated as the 
average value of the dry seeds measured in all imbibi-
tion experiments, W105 , which was calculated accord-
ing to

Finally, the saturated seed value, θs_ex, required by 
HYDRUS-2D, was calculated according to

(7)�b_s =
W105_ex

Vs_ex

(8)W[0,1] =
Wex −Wex_r

Wex_s −Wex_r

(9)W
o
=

⎧
⎪⎨⎪⎩

W[0,1]

W
S

W105

if W[0,1] < 1

W
S

W105

if W[0,1] ≥ 1

(10)W105 =

Wr_ex

N

�r

�b_r
+ 1

Optimization of experimental imbibition curves

Given that HYDRUS-2D considers only the seed 
as a porous material, the synthetic seed only can 
absorb water until the water potential inside the seed 
equals that outside, at which point the imbibition rate 
becomes zero. However, since water uptake in real 
seeds can continue after completion of the imbibi-
tion process, i.e., at the time of germination (Bewley 
et  al. 2013), the experimental curves were modified 
by imposing, at the time of germination (if exists), a 
flat section equal to seed weight at germination time. 
This correction indicates that, at the end of the imbi-
bition phase, the seed weight will remain constant. 
The inclusion of this appendix is based on previous 
analysis performed on soil upward infiltration experi-
ments Moret-Fernández et  al. 2021), which demon-
strated that this flat section is essential to estimate 
the n parameter of the van Genuchten (1980) model 
(Eq. 1).

The optimization analysis applied to experimen-
tal seeds assumes that θr and θs are known param-
eters, which experimental values (θr_ex and θs_ex) are 
obtained experimentally from laboratory measure-
ments (Eqs. 5 and 11, respectively). The sizes of the 
seeds were measured and the corresponding perimeter 
was plotted in HYDRUS-2D (see Sect. 2.3). However, 
since the seed volume plotted in HYDRUS-2D should 
correspond to an average volume of the N seeds 
measured in laboratory, to ensure that the total vol-
ume of the synthetic seed was correctly plotted, pre-
liminary simulations were conducted to ensure that 
total water absorbed by the synthetic seed matched 
the corresponding experimental values measured at 
the time of germination. To this end, the perimeter of 
the initially plotted seed was iteratively refined until 
the difference between the measured and simulated 
total water absorption of the seed was less than 0.1%. 
In this case, total water absorption corresponds to the 
flat section of the imbibition curve at the time of ger-
mination. Since the final absorbed water at the time of 
germination is independent on the parameters of Ks, 
α, and n, seed shape refinement cannot affect the sub-
sequent optimization of hydraulic parameters.

(11)�s_ex =
Ws

W105

�b_s
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In order to obtain a better definition of the stabi-
lized section of the imbibition curves, and therefore 
a more accurate optimization (Moret-Fernández et al. 
2021), the flat section imposed at the end of the curve 
measured in distilled water was extended to 192  h. 
The corrected cumulative seed imbibition curves 
measured in the different PEG solutions were then 
used to estimate the hydraulic parameters of a seed. 
The imbibition curves measured at 0, -0.5, -1.5 and 
-2.5 MPa of PEG solutions were selected and merged 
into a single series. Once defined in HYDRUS-2D 
the measured θr_ex (Eq.  5) and θs_ex (Eq.  11) values 
(Table 1), the optimization process consisted of look-
ing for the combinations of Ks, α, and n that allows 
the best fit between measured and simulated imbibi-
tion curves. A 3D grid with 20 × 20x20 combinations 
of Ks, α and n was used, where α, Ks and n varied 
over the ranges [10–8, 10–3] cm−1, [10–15, 10–5] cm h−1 
and [1.3, 2.8], respectively. Once this first optimiza-
tion analysis was completed, a second round was car-
ried out to fine-tune optimization, where the selected 
interval was [80%, 120%] around the optimized n 
and the same interval in logarithmic scale for α and 
Ks. The degree of mismatch between measured and 
simulated curves was also summarized in the Ks–n, 
α–n and Ks–α error maps. Within each error map, the 
remaining hydraulic parameter was matched to the 
corresponding optimized value.

The volumes of the different seeds plotted in 
HYDRUS-2D, VHy, were numerically calculated by 
running the model with θr = 0 (Table  1), θs = 1 and 
a boundary water potential of 0  MPa. Finally, the 
α, n and Ks values optimized from 0, -0.5, -1.5 and 
-2.5  MPa of PEG solutions were validated by com-
paring the experimental imbibition curves measured 

on PEG solutions of -0.001, -0.01 and -0.1 MPa to the 
corresponding curves simulated using the optimized 
Ks, α, and n and measured θr_ex and θs_ex values. All 
these analyses were repeated for three different seed 
species: barley (Hordeum vulgare L.), wheat (Triti-
cum aestivum L) and vetch (Vicia sativa L).

Statistical analysis

To establish a comparison between the experimental 
and optimized imbibition curves used for both the 
estimation of seed hydraulic properties and their sub-
sequent validation, regressions of the form W = slope 
* Wex + intercept and corresponding regression coef-
ficient (R2) were performed. The root mean square 
error (RMSE) between experimental and optimized 
curves was calculated according to Eq. (3).

Results

Numerical experiments

The imbibition curves of the synthetic barley seed 
simulated with HYDRUS-2D showed, in all h-bound-
ary conditions, an increase in water content over time, 
in which the imbibition rate gradually decreases to a 
final imbibition rate equal to zero (Fig. 3).

Overall, robust fits were observed between the-
oretical and optimized curves for scenarios H1 
(R2 = 1; y = 0.99x – 2.2 10–4), H2 (R2 = 1; y = 0.99x 
– 1.6 10–4), H3 (R2 = 1; y = 0.99x – 2.1 10–4) and H4 
(R2 = 1; y = 0.99x – 3.6 10–4) (Fig. 3). However, while 
similar contours, with a well-defined minimum, were 
observed in the α-n and Ks-n error maps of scenarios 

Fig. 3   Theoretical (red circles) and optimized (black circles) cumulative imbibition curves of a synthetic seed obtained for three dif-
ferent combination of boundary seed tensions
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H1, H2, H3 and H4, a completely different behavior 
was found it the Ks-α plane (Fig. 4). In this last case, 
while H1 showed a Ks-α error map with an elongated 
valley (indicating that infinite combinations of α-Ks 
can result in nearly identical imbibition curves), the 
error maps in the remaining scenarios (H2, H3 and 
H4) tended to a well, the definition of which improved 
as additional tensions were incorporated. The opti-
mized Ks, α, and n values obtained for H4 were 5.88 
10–9  cm  h−1, 3.88 10–5  cm−1 and 1.78, respectively, 
which represents an error of 0.2, 0.2 and 1.2% with 
respect to their corresponding theoretical values.

Overall, a close agreement was observed between 
the water retention curve generated from the opti-
mized α and n and the total seed water content simu-
lated at the end of a 500-h long-time imbibition pro-
cess (Fig. 5). However, a significant lower total seed 
water content in -1.5 and -2.5 MPa experiments was 
observed at the end of the 192 h experiment. These 
differences indicate that at 192 h the seed was not yet 
fully wetted.

Experimental measurements

The average weights, volumes, bulk densities and 
volumetric water contents of an individual seed for 
the different seed species are shown in Table 1. The 
total water absorbed by the seed varied according to 
the different species, in which vetch and wheat, pre-
sented the highest and lowest values of Ws_ex, respec-
tively (Table 1; Fig. 6). The average weight and vol-
ume of the seeds increased at saturation conditions 
(Table 1). The seed swelling ratio, calculated as the 
quotient between Vs_ex and Vr_ex was 1.35, 2.04, and 
2.38 for barley, wheat and vetch respectively. The 
ratio between ρb_r and ρb_s varied according to the dif-
ferent species, being larger for the vetch seed.

Experimental imbibition curves of the three seed 
species measured at different PEG solutions are 
showed in Fig.  6. In general, a high imbibition rate 
was observed in all species during the first steps of 
seed hydration (Fig.  6), a rate that progressively 
decreased until it stabilized as an almost flat section. 
Overall, a significant influence of PEG solution on 
the seed imbibition curve was observed, where the 
slope of the cumulative imbibition curves decreases 
with increasing PEG values.

However, a different behavior in cumulative imbi-
bition curves was observed among the three species 

(Fig.  6a). Overall, the cumulative imbibition curve 
measured in the barley seeds immersed in distilled 
water showed a sharp slope in the first steps of seed 
hydration, followed by a general flattening. In con-
trast, a steeper imbibition curve was observed in vetch 
(Fig. 6c). Intermediate behavior was found in wheat 
(Fig. 6b). The response of the imbibition curve to the 
different PEG solution also varied according to the 
species. Thus, while barley seeds showed relatively 
small differences in cumulative imbibition curves 
between 0 and -0.5  MPa of PEG, these differences 
were more evident in vetch (Fig.  6c). On the other 
hand, the differences between the cumulative infil-
tration curves measured in barley at 0 and -2.5 MPa 
measured were smaller than those observed in wheat 
and vetch.

Optimization of experimental measurements

Although the theoretical analysis on synthetic seeds 
shows that H2 and H3 scenarios allow a relatively 
accurate optimization of the hydraulic properties, to 
obtain more robust and consistent optimizations, all 
inverse analyses on experimental seeds were done 
using scenario H4. For instance, Fig. 7 shows a robust 
fit between the cumulative imbibition curves meas-
ured in barley at 0, -0.5, -1.5 and -2.5 MPa and the 
corresponding optimized ones.

The error maps obtained for Ks–n, α–n and Ks–α 
planes showed a unique and well-defined minimum 
(Fig. 8). The optimized Ks, n and α values obtained 
for the three seed species are shown in Table 2. A sig-
nificant fit was also obtained on the barley imbibition 
curves measured -0.001, -0.01 and -0.1 MPa of water 
potential, used to validate the method (Fig. 9a and b).

Overall, significant relationships (p < 0.001), 
with low RMSE values and R2 and slope of the 
regression line close to one (Table  2), were found 
between experimental imbibition curves measured 
at 0, -0.5, -1.5 and -2.5 MPa and the best optimized 
ones obtained for the three seed species (Table  2). 
A significant relationship was also found between 
the imbibition curves measured at -0.001, -0.01 
and -0.1 of water potential on wheat (R2 = 0.96; 
y = 0.90x + 0.002; RMSE = 0.0024 cm3) and vetch 
(R2 = 0.90; y = 0.82x + 0.011; RMSE = 0.0081  cm) 
seeds and the corresponding curves simulated using 
the optimized hydraulic parameters (Table 2). A good 
agreement was also obtained between the average 
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volume measured in a single seed (Table 1), Vs_ex

N
 , and 

the corresponding value numerically calculated with 
HYDRUS-2D, (Table  2), VHy, for the different seed 
species.

The Ks estimated for vetch was one order of mag-
nitude higher than the corresponding values obtained 
for barley and wheat (Table  2). On the other hand, 
vetch showed the largest values of α and wheat the 
highest value of n. The differences in hydraulic 
parameters observed between seeds (Table 2) resulted 
in different shapes of water retention and hydrau-
lic conductivity functions (Fig.  10). Compared to 
wheat and barley, while vetch showed the highest 
saturated hydraulic conductivity, the corresponding 
unsaturated values started to decrease at less negative 
water potentials (i.e. 103 cm). Minor differences were 
observed between barley and wheat seeds.

Discussion

Numerical experiments

The shape of the seed imbibition curves (Fig.  3), 
which were similar to that observed in soil capillary 
processes (Moret-Fernández et  al. 2016a), indicates 
that the synthetic seed absorbs water until saturation. 
Although this curve does not exactly correspond to a 
complete seed hydration curve during germination, 
where it can lead to increased water absorption after 
embryonic axis emergence (Bewley et al. 2013), this 
shape is representative of the first steps of the seed 
germination, also referred to as the imbibition phase.

Although all H1, H2, H3 and H4, scenarios allowed 
good fit between theoretical and optimized imbibi-
tion curves, the sensitivity analysis of the imbibi-
tion curves (Fig.  4) indicates that while Ks and α 
can be satisfactorily optimized from a single imbibi-
tion curve at saturation boundary conditions, the n 
parameter, which defines the slope of the seed water 
retention curve (Fig.  2), requires additional bound-
ary water potentials. A similar behavior was observed 

by Hudson et  al. (1996) or Moret-Fernández et  al. 
(2016a) in multi-tension water absorption experi-
ments performed on soils columns or by Simunek 
and van Genuchten (1997) using multiple tension disc 
infiltrometer data. On the other hand, although the 
Ks-α error map in H2 shows a relatively well-defined 
well, the well contour improves significantly in the H3 
and H4 scenarios. These results suggest that accurate 
estimates of hydraulic properties require the inclusion 
of very negative water potentials.

Taken θr and θs as known values, the good agree-
ment between theoretical and optimized Ks, α, and n, 
indicate that the proposed inverse analysis provides 
reliable estimations of the seed hydraulic properties 
when highly negative water potentials are considered.

Finally, comparison between water retention 
curves generated from the optimized α and n and 
the total seed water content simulated at the end of a 
192 and 500 h long-time imbibition process (Fig. 5) 
showed that the fit with respect to the optimized 
retention curve improved when long imbibition 
times are considered. This behavior is explained 
by the fact that seed imbibition is governed by an 
extremely low value of Ks (Table2), hydraulic con-
ductivity value that slows down the process of water 
absorption. However, although these results may 

Fig. 4   Response surfaces for Ks-α, α-n and Ks-n planes cal-
culated for a cumulative imbibition curve generated on a syn-
thetic seed for three different combination of seed boundary 
tensions. Blue cycles are the theoretical hydraulic parameters 
and red line is the contour line corresponding to 5% of the 
minimal value of the objective function, Q (Eq. 3)

◂

Fig. 5   Water retention curve (continuous line) generated with 
the optimized α and n values obtained from the inverse analy-
sis of a series of cumulative imbibition curves of a synthetic 
seed, and the simulated total seed water content at the end of 
a120 h simulation (red circles) and at time of imbibition curve 
stabilization (500 h) (black circles)
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suggest that the water retention curve can theoreti-
cally be estimated from the seed water content once 
the imbibition curve has been stabilized, we think 
it is more efficient to estimate the seed hydraulic 
properties from the inverse analysis of several tran-
sient imbibition curves, since it allows (i) to drasti-
cally reduce the duration of the experiment and the 
number of tensions required, (ii) to simultaneously 
estimate the water retention and hydraulic conduc-
tivity functions, and (iii) to eliminate the problems 
of seed rotting when seeds are left for long periods 
of time in PEG solutions.

Experimental measurements

In general, the measured θr_ex and θs_ex values were 
close to the range of [5, 15] % and [40, 50] % val-
ues, respectively, reported in the literature (Bewley 
et  al. 2013). The high imbibition rate observed in 
all species during the first steps of seed hydration 
(Fig.  6) should be attributed to the large difference 
in water potential between the seed (around -50 to 
-350  MPa, Bewley et  al. 2013) and the surrounding 
medium. However, as water is absorbed by the seed, 
the matric potential of the seed becomes less nega-
tive, which decreases the gradient and thus the rate 
of water absorption. At time of germination, seed ten-
sion should come into near equilibrium with that of 
the external water source, which translates to the flat 
section imposed in the cumulative imbibition curve at 
time of germination.

The significant decrease of the cumulative imbi-
bition curve with increasing PEG solutions cor-
roborate that the imbibition rate decreases as the 
gradient between internal and external seed water 
potential decreases (Vertucci 1989; Bewley et  al. 
2013). Finally, the different shapes of imbibition 
curves observed among the three seed species, sug-
gest that there must be a different hydraulic behavior 
among these seeds (Vertucci 1989).

Fig. 6   Cumulative imbibition curves measured in a barley, b 
wheat and c bean seeds immersed in different solutions PEG 
ranging from 0 to -2.5 MPa. The continuous colored lines indi-
cate the imbibition curves that have flattened just after germi-
nation, and the dashed greys ones are the continuation of the 
corresponding measured imbibition curves. Vertical arrows 
indicate the time of germination. Wex is the average weight of 
the corresponding set of seeds. No germination was observed 
in vetch

▸
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Fig. 7   (a) Measured (red circles) and optimized (black circles) 
cumulative imbibition curves (0, -0.5 and -2.5 MPa) of barley 
seeds, and (b) corresponding linear regression analysis. Wex 

and W are average measured and simulated weights of a barley 
seed, respectively

Fig. 8   Response surfaces for Ks-α, α-n and Ks-n planes calcu-
lated for a series of cumulative imbibition curves (0, -0.5 and 
-2.5 MPa) measured from a sample of barley seeds. Red line is 

the contour line corresponding to 5% of the minimal value of 
the objective function, Q (Eq. 3)

Table 2   Seed volume numerically calculated with HYDRUS-
2D, VHy, saturated hydraulic conductivity, Ks, and α, n param-
eters of the water retention curve optimized from the inverse 
analysis of imbibition curves measured on barley, wheat and 
bean seeds immersed in PEG solutions of 0, -0.5, -1.5 and 

-2.5 MPa. RMSE, R2 and Regression function denote the root 
mean square error, the coefficient of determination and the 
function resulting of the linear regression between experimen-
tal and best optimized imbibition curves measured for the three 
seed species

VHy Ks α n R2 Regression function RMSE

cm3 cm h−1 cm−1 cm3

Barley 0.061 2.34 10–9 1.83 10–5 1.66 0.98 y = 0.98x + 8.2 10–6 0.0011
Wheat 0.104 9.16 10–10 1.51 10–5 1.89 0.97 y = 0.90x + 0.002 0.0017
Vetch 0.072 6.16 10–8 6.16 10–5 1.62 0.95 y = 0.85x + 0.006 0.0025
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Optimization of experimental measurements

The robust fit between the imbibition curves meas-
ured in barley seeds and the corresponding opti-
mized ones (Fig.  7, Table  2) suggests the model 
can be also applied to real seeds. The unique and 
well-defined minimum showed in the Ks–n, α–n and 
Ks–α error maps of barley seeds (Fig.  8) indicates 
that there is a unique combination of Ks, n and α 
that allows a better fit over the curves measured 
at water potentials at 0, -0.5, -1.5 and -2.5  MPa. 
Similar results were obtained by Simunek and 
van Genuchten (1997) and Moret-Fernández et  al. 
(2016a) working in multiple tension experiments 
applied to soils. The significant fit, with low RMSE 
value, obtained on the barley imbibition curves 
measured -0.001, -0.01 and -0.1  MPa of water 
potential (Fig. 9) validates that the inverse analysis 
can be applied to experimental seeds, whose opti-
mized values can be assumed to correspond to mean 
hydraulic properties of a set of seeds. The good 
agreements also obtained in vetch and wheat seeds 
(Table 2) confirm the robustness of the method.

The different values of hydraulic properties obtained 
between the three seeds species (Table2) should be 
related to the different cumulative imbibition curves 
measured in the three species. Thus, the higher Ks 
obtained in vetch, which indicates larger capacity to 
uptake water at near saturated conditions, is consistent 

with the faster imbibition process of this seed in dis-
tilled water (Fig. 6c). Furthermore, the larger value of α 
in vetch, which suggest a faster decrease of K(h) at rela-
tively low negative values of water potentials (Fig. 10), 
agrees with the significant lower water uptake of this 
seed at -1.5 and -2.5 MPa (Fig. 6c), and suggests that 
vetch is more sensitive to high negative water poten-
tials. The opposite behavior of α observed in barley 
and wheat resulted in faster water imbibition at more 
negative water potential. These results would suggest 
that, while vetch is a seed adapted to rapid germination 
under favorable water conditions, barley and wheat can 
probably hydrated under more restrictive conditions of 
water potential.

However, in spite the good fits obtained between 
experimental and optimized imbibition curves, fur-
ther efforts should be done to overcome the simpli-
fications assumed in the paper, such as the constant 
volume of the seed assumed during the imbibition 
process or the homogeneous distribution of the 
hydraulic properties within in the seed volume. On 
the other hand, alternative techniques, such as pho-
togrammetry (Moret-Fernández et  al. 2016b) or 
laser rangefinder (Rossi et al. 2008), should be also 
considered to obtain a more accurate reproduction 
of the seed shape. Finally, it should be noted that 
this work is only intended to show a new procedure 
to estimate the hydraulic properties of a seed, and do 
not statistically compare hydraulic properties within 

Fig. 9   a) Measured (circles) at -0.001, -0.01 and -0.1 MPa of 
barley seed boundary tensions and corresponding simulated 
cumulative imbibition curves obtained from optimized hydrau-

lic parameters (Table 2), and (b) corresponding linear regres-
sion analysis. Wex and W are average measured and simulated 
weights of a barley seed, respectively
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and between different species. For this last point, 
replications of seed measurements and the corre-
sponding analysis of variance should be included. 
Currently, PEG experiments applied in seed ecol-
ogy studies are used to establish the water potential 
threshold below which seeds cannot germinate (Dürr 
et  al. 2015; Frischie et  al. 2019) and it is assumed 
that germination at very negative water potentials 
is an indicator of adaptation to arid environments. 
However, based on results obtained in this work, 
seed hydraulic properties could be used as a new 

indicator to study seed adaptation to aridity. Thus, 
while Ks would be an indicator of the capacity of a 
seed to absorb water at near saturation conditions, 
the α and n parameters would indicate the capacity 
of seed to imbibe under water stress. This method-
ology could also be useful to study the changes of 
seeds from dormant to non-dormant states, changes 
that depend on the hard, impermeable layers that 
surround the seeds (Penfield 2017), or to distinguish 
whether the lack of imbibition is due to the existence 
of a very negative potential germination threshold or 
to a very low Ks due to the impermeable seed coat. 
Finally, the application of this methodology would 
also allow us to understand the role of the shape and 
size of the seeds (Wang et al. 2004; Dias Laumann 
et  al. 2023) or the presence of awns, wings, hairs, 
elaiosomes or mucilage on the imbibition process 
(Bochenková et  al.  2017, De Paula 2015 or López-
Vila and García-Fayos 2005).

Conclusions

The seed can be considered as a porous material, 
which hydraulic properties can be estimated from the 
inverse analysis of several imbibition curves meas-
ured at different boundary water potentials. There-
fore, we present a new methodology to determine the 
hydraulic conductivity function and water retention 
curve of a seed during the imbibition process and 
demonstrate its feasibility. This new methodology can 
be used in very different fields involving seed imbibi-
tion (agronomy, forestry, restoration ecology or seed 
ecology). In addition, these new findings could serve 
as cornerstone to simulate and study the seed imbi-
bition process in any scenario, that, until now, have 
been difficult to reproduce. For instance, this new 
information will allow study and simulate the effect 
of soil type on the hydration process, the rate of seed 
hydration as a function of sowing depth, define opti-
mal germination windows as a function of climatic 
conditions and soil type, or assess the relationship 
between seed morphology and the hydraulic proper-
ties of the adjacent soil, among others.
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