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University of Waterloo, David R. Cheriton School of Computer Science, Natural Phenomena Simulation Group,
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Abstract. Seed germination corresponds to the first and crucial stage of a plant’s life cycle. It is directly affected by water 
availability and soil characteristics, notably porosity. The seeds of many plant species are known to be photoblastic, i.e., 
their germination is also significantly affected by light exposure. A comprehensive understanding about the interconnected 
effects of these abiotic factors on seed germination is essential for the success of a broad range of applied research initia-
tives in agriculture and ecology. These initiatives include, for example, studies involving the germination of stress-adapted 
seeds in arid regions, like perennial desert habitats and desertified landscapes, and the germination of weed seeds in arable 
fields that may be covered by sand-textured soils (commonly referred to as natural sands). The germination of photoblastic 
seeds depends not only on the amount, but also on the spectral quality of the impinging light. This radiometric parameter 
can be expressed in terms of the ratio between red and far-red light reaching these seeds. In this research, we unveil the 
impact of variations in the porosity of sand-textured soils on their red to far-red ratios of transmitted light. Although one 
may expect that porosity can affect these ratios and, consequently, the germination of photoblastic seeds in natural sands, 
no systematic study about these putative connections has been reported in the literature to date. To some extent, this can 
be attributed to testing limitations posed by the actual handling of these granular materials, such as grain breakage and 
pore space disturbance, during investigations based on traditional experimental procedures. Moreover, the scant available 
information on these connections has been mostly derived from analyses performed on laboratory-prepared samples, which 
often present morphological characteristics that conspicuously differ from those of naturally-occurring deposits of these 
soils. In order to overcome these constraints, we employ an in silico investigation framework to carry out controlled light 
transmission experiments considering realistic characterizations of dry and water-saturated samples of natural sands. This 
framework is supported by measured spectral data and the use of a first-principles l ight t ransport model t hat explicitly 
accounts for the particulate structure of these materials. Our in silico experimental results provide a comprehensive depic-
tion of the changes in the red to far-red ratios of light transmitted through natural sand layers of variable thickness due to 
variations on their porosity. Moreover, they also show that these changes are markedly modulated by the presence of water 
in these layers. Thus, our findings establish a  predictive relationship between porosity and the light-elicited germination 
of photoblastic seeds in sand-textured soils subject to distinct degrees of water saturation. Accordingly, they are expected 
to contribute to the development of innovative technologies aimed at the predictive assessment (in situ or remote) of the 
compound impact of these abiotic factors on seed germination. These technologies, in turn, are likely to lead to new cost-
effective solutions for ongoing challenges in agriculture (e.g., crop yield enhancement) and ecology (e.g., invasive plant 
detection and vegetation restoration), particularly with respect to regions susceptible to extreme environmental conditions.

Keywords: soil, sand, porosity, water saturation, transmittance, red to far-red ratio, germination, photoblastic seed.

1 INTRODUCTION

For decades, initiatives to increase crop yield while maintaining environmental stability have repre-
sented focal points of applied research programs in various fields, f rom p lant p hysiology a nd agri-
culture to remote sensing and ecology, just to name a few. Recently, efforts to achieve these goals
are being intensified by increasing global demands for food and biofuel production as well as adverse
climate changes affecting natural resources, such as fresh water deposits, required to cope with these
demands.

Two topics of permanent interest for these research programs are the invasion of weed seeds in
arable fields and the cultivation of plant species more resilient to environmental stress.1–4 While weed
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invasion can be highly detrimental to farming, the cultivation of stress-adapted species can be sub-
stantially beneficial. Moreover, it has been observed that the more extreme the environment, the more 
efficient the mechanisms evolved by a plant in its overall adaptation to adverse growing conditions.3 

Accordingly, plants capable of developing in perennial desert landscapes are also the object of inves-
tigations aimed at the restoration of vegetation in desertified o nes.4 These arid landscapes are often 
characterized by a dominant presence of sand-textured soils, commonly referred to as natural sands. 
These soils are composed of a large amount of sand-sized grains (particles with dimensions between 
0.05 to 2.0 mm) along with small amounts of silt-sized grains (particles with dimensions between 
0.002 to 0.05 mm) and clay-sized grains (particles with dimensions smaller than 0.002 mm).5 Layers 
(of variable thickness) of natural sands can also be found covering arable fields. In addition, in some 
regions of the planet, they can be transported to farming areas by aeolian events (e.g., sand storms6) 
originating from arid landscapes.

Seed germination, arguably the most fundamental stage in the life cycle of a plant,3 can be signif-
icantly affected by the mutual interactions of three crucial abiotic factors, namely water availability, 
light exposure and soil porosity. The latter is defined as the fraction of a soil’s total volume occupied 
by its pore space (the volume not occupied by its constituent grains).7 In the case of natural sands, 
their porosity typically varies between 0.35 and 0.5,8, 9 with values as low as 0.1969, 10 and as high as 
0.669, 11 being also reported in the literature.

The interactions between these abiotic factors are particularly exacerbated by tillage procedures 
used to prepare a soil for the cultivation of crops. These agricultural procedures affect the soil’s struc-
ture,12 increasing the size and proportion of its pore space. Since the porosity of a soil is inversely 
proportional to its compaction, tillage increases its porosity and reduces its compaction. A less com-
pact (more porous) soil has a higher permeability and, consequently, higher water and air diffusivity.13 

In addition, during tillage, a major portion of a seed bank receives light flashes that may be sufficient 
to stimulate germination.2 Hence, an increase in porosity can positively affect the amount of water and 
light reaching buried seeds, with an increased volume fraction of the soil’s pore space occupied by the 
former intensifying the transmission of the latter.1, 2

A large number of both dicot and monocot plant species are characterized by having photoblastic 
seeds, i.e., seeds whose germination is influenced (positively or negatively) by l ight.14 This abiotic 
factor plays an important photomorphogenic role beneath the surface of sand-textured soils by affect-
ing these seeds’ germination timing.3, 4, 13, 15, 16 This, in turn, impacts the survival of resulting seedlings 
and the plants’ fitness in subsequent l ife stages.4, 1 4 These aspects further i llustrate the relevance of 
the light exposure for seed germination, especially considering that photoblastic seeds are capable of 
responding to relatively small amounts of light and vast populations of them are found in arable soils.17

The germination of photoblastic seeds depends not only on the amount (photon flux d ensity or 
PFD14), but also on the spectral quality of the light reaching them.2, 14, 16–19 While the former radio-
metric parameter affects the stimulation and inhibition of seed germination after long periods of light 
exposure, the latter affects these natural processes after both long and short periods of light exposure.14 

Within this context, spectral quality can be expressed in terms of the ratio between red and far-red light 
reaching the seed.14

Clearly, a robust understanding about the effects of porosity variations on the spectral quality of 
light reaching photoblastic seeds is essential for the formulation of predictive models of weed emer-
gence and cost-effective procedures for the cultivation of more resilient plant species.1, 2 However, to
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date, the available information on these effects, notably with respect to sand-textured soils subject to 
varying water saturation levels, remains relatively scant in the scientific l iterature. Relevant investiga-
tion efforts in related research areas usually employ lab-prepared sand samples,14, 15, 17, 20 with exper-
imental constraints often precluding the generalization of their outcomes to real scenarios involving 
natural sands.

These constraints can be loosely classified into three main v arieties. The first corresponds to  the 
absence of key morphological features of natural sands in soil samples artificially prepared in labora-
tory.21, 22 These features include, for example, the complex size distribution patterns of their constituent 
grains (particles) within their pore space. The second variety encapsulates technical difficulties associ-
ated with the in situ assessment of the net effect of variations in multiple abiotic factors. For example, 
while attempting to place light sensors within a sample or changing its level of water saturation, one 
may inadvertently prompt situations (e.g., grain breakage and interstitial space disturbance10, 23) that 
affect its porosity. Lastly, the third variety involves distortions caused by unnatural experimental con-
ditions such as the use of dark rooms.18

In this paper, we employ an in silico experimental approach that allows us to overcome these 
constraints. Our goal is to provide a detailed assessment of the impact of porosity on the red to far-red 
ratios of light transmitted through dry and water-saturated layers of sand-textured soils. The focus of 
our investigation is on light that may reach shallowly buried seeds, i.e., relatively low depths (less than 
2 mm), which are known to be more relevant for the germination of photoblastic seeds found either in 
arable soils1, 14 or arid landscapes.3, 4, 16

Our in silico investigation approach consists in performing controlled experiments through pre-
dictive computer simulations supported by actual measured data. These experiments are carried out 
using a first-principles hyperspectral light transport model for particulate materials, known as SPLITS 
(Spectral Light Transport Model for Sand).24 The model explicitly takes into account not only the 
specific mineralogical and morphological characteristics of the grains forming a sand sample, but also 
its porous structure. These aspects are particularly essential for studies examining the photobiological 
effects of light penetrating these soils.15, 17

It is worth noting that, for reproducibility purposes, we made SPLITS available for online use25 via 
a model distribution system.26 Through this system, researchers can specify experimental conditions 
(e.g., angle of incidence and spectral range) as well as values for sand characterization parameters using 
a web interface,25 and receive customized simulation results. Moreover, we also made the supporting 
data (e.g., refractive index and extinction coefficient c urves) u sed i n o ur i nvestigation available for 
online retrieval.27

The remainder of this paper is organized as follows. In Section 2, we concisely review relevant 
biophysical concepts. In Section 3, we describe the in silico investigation framework employed in 
this research. In Section 4, we present our results and discuss their practical implications. Finally, in 
Section 5, we conclude the paper and outline directions for future work.

2 BIOPHYSICAL BACKGROUND

A wide range of plant species are characterized by the presence of proteins forming pigments, called 
phytochromes, that regulate various physiological and developmental processes. These processes in-
clude, for instance, seed germination, chloroplast movement, shade avoidance and photoperiodic time
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measurement.14, 28 The proteins of the phytocrome family of red to far-red light receptors, in particular,
have demonstrated a diversity of spectral sensitivities and signaling mechanisms.28 During exposure
to light, they are constantly transformed from a red light absorbing conformation (denoted Pr) to a
far-red light absorbing conformation (denoted Pfr), and back.19, 28 In other words, absorption of red
light by the Pr conformation converts the protein into the far-red light absorption Pfr conformation,28

and vice-versa.
These two conformations can be thought as reversible red to far-red light-activated molecular

switches.28 The rate of cycling depends on the PFD and the spectral quality of the impinging light.14

Since the absorption spectra of Pr and Pfr overlap to some extent,29 an equilibrium between Pr and
Pfr can be established when they are exposed to light. Changes in the ratios of red to far-red imping-
ing light can alter this equilibrium.28 In most cases, physiological responses (e.g., breaking of seed
dormancy14) are induced by red light and cancelled by far-red light, leading to the idea that Pfr is the
active conformation and Pr is the inactive one.14 Incidentally, as a counter-example, it is worth noting
that experiments by Bell16 indicated that the germination of Trachyandra divaricata seeds, a sand dune
inhabiting species found in Australia, was inhibited by red light.

In order to quantify the ratios of red to far-red light transmitted through soil that can eventually
reach photoblastic seeds, researchers14, 18 often use as sampling references the wavelengths that corre-
spond to the absorption maxima of the chlorophyll Pr and Pfr phytochromes obtained under in vitro
conditions, namely 660 and 730 nm respectively. Accordingly, we consider the following formula,
henceforth denoted in vitro red to far-red ratio, to quantify the spectral quality of transmitted light in
this investigation:

R/FR =
τ(660)

τ(730)
, (1)

where τ(λ) denotes the transmittance at the wavelength λ (in nm).
It has been observed that chlorophyll competition for light under in vivo conditions shifts the Pr

and Pfr phytochromes’ action peaks to about 645 and 735 nm, respectively.19 Thus, for completeness,
we also consider the following formula, henceforth denoted in vivo red to far-red ratio, to quantify the
spectral quality of transmitted light in this investigation:

R∗/FR∗ =
τ(645)

τ(735)
. (2)

3 INVESTIGATION FRAMEWORK

Our in silico experiments primarily involve the computation of R/F R and R∗/F R∗ ratios (Section 2) 
for two selected natural sand samples with distinct morphological and mineralogical characteristics. 
In order to compute these ratios using Eqs. 1 and 2, we have obtained directional-hemispherical trans-
mittance curves for these samples using the SPLITS model. Prior to that, however, we have com-
puted directional-hemispherical reflectance curves for these samples and compared them with mea-
sured ones. This step enabled us to asses the plausibility of the respective sample characterization 
datasets to be used in the computation of the transmittance curves.

It is worth stressing that SPLITS accounts for different iron-oxide distribution patterns within test-
ing samples. Iron oxides, such as hematite and goethite, may occur as pure particles,30 as contaminants 
mixed with the parent material,31 or as coatings, within a mineral matrix, formed on the grains during
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wind transport.32 Normally, this matrix is composed of kaolinite and/or illite,33 with the former (em-
ployed in this investigation) being more prevalent in natural sands.34, 35 Also, in these soils, the parent
(core) material is typically a material like quartz or calcite, with quartz (employed in this investigation)
being the most common.36

The measured reflectance curves used as references for the baseline modeled reflectance curves
were made available in the U.S. Army Topographic Engineering Center (TEC) database.37 They corre-
spond to a sample from a dune in Saudi Arabia (TEC # 13j9823) and a sample from a dune in Australia
(TEC # 10019201). Based on the descriptions of these samples,37 we assumed that the presences of
water and clay-sized particles were negligible.

For the computation of the baseline reflectance curves, besides considering a dry state (S = 0,
where S represents the degree of water saturation), we employed average values for the porosity (P =
0.425), grain roundness (R = 0.482) and grain sphericity (Ψ = 0.798) found in the literature.8, 38

The remaining model parameter values employed to characterize the selected natural sand samples are
given in Table 1.

samples sand silt pure grain mixed grain coated grain rhg ϑhg

SD 85% 15% 10% 90% 0% 0.50 0.01
AD 85% 15% 0% 90% 10% 0.75 0.01

Table 1 Parameter values employed to characterize the Saudi Arabian dune (SD) and Australian dune (AD) samples 
considered in this investigation. The texture of the samples is described by the percentages of sand and silt. These 
percentages are used to compute the dimensions of the sand-sized particles (represented by spheroids whose major axis 
have on average a length equal to 0.236 mm) and the silt-sized particles (represented by spheroids whose major axis have 
on average a length equal to 0.045 mm) using a particle size distribution provided by Shirazi et al.39 The particle type 
distributions employed in the simulations are given in terms of the percentages of pure, mixed and coated grains. The 
parameter rhg corresponds to the ratio between the mass fraction of hematite to ϑhg (the total mass fraction of hematite 
and goethite).

Within the SPLITS’ geometrical-optics formulation, light interacting with a given sand sample 
is represented by rays that can be associated with any wavelength. Hence, SPLITS can provide re-
flectance and t ransmittance curves with d ifferent spectral r esolutions. For c onsistency, a ll modeled 
curves depicted in this work cover the spectral region of interest from 600 to 800 nm (containing the 
wavelengths employed in the computation of the R/F R and R∗/F R∗ as defined in Section 2) and 
have a spectral resolution of 5 nm. These curves were obtained using a virtual spectrophotometer.40 In 
their computation, we considered 106 sample rays (per sampled wavelength) to obtain asymptotically 
convergent readings,40 and an angle of incidence of 0◦ for consistency with the actual experimental 
set-up employed by Rinker et al.24, 37 to obtain the reference measured reflectance curves.

The reflectance o f s and s amples r apidly r eaches a  p lateau ( occasionally r eferred t o a s “infinite 
reflectance”) a s o ne c onsiders i ncreasing s ample t hickness ( depth) v alues.41 I n t he c ase o f natural 
sand samples characterized by the presence of strong light absorbers (e.g., iron oxides), this plateau 
is reached when one considers thickness values on the order of millimeters.21 Consequently, the re-
flectance o f n atural s and d eposits i s g uaranteed t o r each t his p lateau s ince t hese d eposits normally 
have fairly large depths, on the order of meters. Thus, without loss of generality, we consider a sample 
thickness of 1 m in the computation of the baseline reflectance curves presented in Fig. 1.
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Fig 1 Comparisons of measured37 and modeled reflectance c urves f or t he S audi A rabian d une s ample ( left) a nd the 
Australian dune sample (right).

As it can be observed in the graphs depicted in Fig. 1, the baseline modeled reflectance curves 
computed for the two selected natural sand samples show a close agreement with their measured 
references. Accordingly, we also employed the characterization datasets provided in Table 1 to obtain 
the transmittance curves resulting from variations in the samples, porosity (P from 0.2 to 0.7) when 
they are subjected to dry (S = 0) and water-saturated (S = 1) states.

Finally, for the computation of the transmittance curves, we selected sample thickness values equal 
to 1.0 and 1.5 mm. These values correspond to standard light penetration depths considered in agri-
cultural and ecological investigations.1–3, 22 Moreover, we note that the transmittance of natural sand 
samples rapidly tends to zero as one considers increasing values for their thickness.41 Thus, the se-
lected thickness values allow for the the computation of R/F R and R∗/F R∗ ratios less affected by 
errors that may follow mathematical operations involving exceedingly small numbers (represented by 
small transmittance values in this context)

4 RESULTS AND DISCUSSION

In our first s et o f i n s ilico e xperiments, w e c omputed t he t ransmittances f or t he s elected samples 
considering an average value for their porosity (P = 0.425) and two water saturation states (S = 0 
and S = 1). As it can be observed in the graphs depicted in Fig. 2, an increase in thickness is followed 
by a significant d ecrease i n t ransmittance. M oreover, o ne c an a lso o bserve t hat a n i ncrease i n the 
degree of water saturation is followed by an increase in transmittance. We note that both trends have 
been detected in spectrophotometric measurements reported in the literature.1, 2, 22, 41 This qualitative 
consistency between our observations and actual measured data strengthened our confidence i n the 
predictive capabilities of our in silico experimental framework. It also provided a solid foundation for 
our subsequent experiments.

In Tables 2 and 3, we present the values for R/F R and R∗/F R∗ ratios calculated using the corre-
sponding transmittance values extracted from the curves depicted in Fig. 2. Upon inspection of these 
values, one can note that both ratios decrease as the samples’ thickness increases, and decrease as the 
degree of water saturation increases. It is worth noting that these trends have also been observed in 
previous radiometric experiments,15 with the changes in the red to far-red ratios being attributed to 
spectral shifts in the transmittance spectra due to variations in the samples’ thickness and degree of
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Fig 2 Comparisons of modeled transmittance curves computed for the Saudi Arabian dune sample (left column) and the
Australian sample (right column). These curves were obtained employing an average value for their porosity (P = 0.425)
and two values for their thickness (1.0 and 1.5 mm). In addition, we also considered two values for their degree of water
saturation (S). Top row: S = 0. Bottom row: S = 1.

water saturation. Finally, the values obtained for the R∗/FR∗ ratios are consistently lower than those
obtained for the R/FR ratios. This trend, in turn, can be explained by the fact that the transmittance
values used in the calculation of these ratios are characterized by a monotonic increase from 645 to
660 nm.

In our second set of in silico experiments, we have computed the transmittance curves of the
selected samples considering variations in their porosity (P from 0.2 to 0.7) and degree of water
saturation (S = 0 and S = 1). For illustrative purposes, we present in Fig. 3 the graphs depicting

SD AD
thickness S = 0 S = 1 S = 0 S = 1

1.0 mm 0.4239 0.5742 0.2980 0.4425
1.5 mm 0.2594 0.4170 0.1715 0.2818

Table 2 Values calculated for the in vitro red to far-red ratios (R/F R) using transmittance readings obtained at 660 nm and 
730 nm for the selected Saudi Arabian dune (SD) and Australian dune (AD) samples, whose corresponding transmittance 
curves are depicted in Fig. 2. These curves were obtained considering distinct values for the samples’ degree of water 
saturation (S).
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SD AD
thickness S = 0 S = 1 S = 0 S = 1

1.0 mm 0.3286 0.4780 0.1911 0.3370
1.5 mm 0.1684 0.3092 0.0875 0.1799

Table 3 Values calculated for the in vitro red to far-red ratios (R∗/FR∗) using transmittance readings obtained at 645 nm

and 735 nm for the selected Saudi Arabian dune (SD) and Australian dune (AD) samples, whose corresponding transmit-
tance curves are depicted in Fig. 2. These curves were obtained considering distinct values for the samples’ degree of water
saturation (S).
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Fig 3 Comparisons of modeled transmittance curves computed for the Saudi Arabian dune sample (left column) and the 
Australian sample (right column) considering distinct values for their thickness (1.0 and 1.5 mm). These curves were 
obtained employing lower and upper bounds for their porosity (P ) and degree of water saturation (S). Top row: P = 0.2 
and S = 0. Bottom row: P = 0.7 and S = 1.

the curves associated with the lower (P = 0.2 and S = 0) and upper (P = 0.7 and S = 1) bounds 
for these parameters. One can observe in these curves the transmittance behaviours highlighted before 
(Fig. 2). The same can be stated for their corresponding R/F R (Table 4) and R∗/F R∗ (Table 5) ratios, 
which show the same trends pointed out for the R/F R and R∗/F R∗ ratios presented in Tables 2 and 3, 
respectively.

The full range of changes in the R/F R and R∗/F R∗ ratios associated with the transmittance values 
computed considering the specified variations in their porosity (P from 0.2 to 0.7) and degree of water
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SD AD
thickness P = 0.2 & S = 0 P = 0.7 & S = 1 P = 0.2 & S = 0 P = 0.7 & S = 1

1.0 mm 0.3435 0.7131 0.2311 0.6181
1.5 mm 0.2171 0.5747 0.1161 0.4560

Table 4 Values calculated for the in vitro red to far-red ratios (R/FR) using transmittance readings obtained at 660 nm and
730 nm for the selected Saudi Arabian dune (SD) and Australian dune (AD) samples, whose corresponding transmittance
curves are depicted in Fig. 3. These curves were obtained considering lower and upper bounds for the samples’ porosity
(P ) and degree of water saturation (S).

SD AD
thickness P = 0.2 & S = 0 P = 0.7 & S = 1 P = 0.2 & S = 0 P = 0.7 & S = 1

1.0 mm 0.2671 0.6334 0.1332 0.5206
1.5 mm 0.1249 0.4780 0.0342 0.3555

Table 5 Values calculated for the in vitro red to far-red ratios (R∗/F R∗) using transmittance readings obtained at 645 nm 
and 735 nm for the selected Saudi Arabian dune (SD) and Australian dune (AD) samples, whose corresponding trans-
mittance curves are depicted in Fig. 3. These curves were obtained considering lower and upper bounds for the samples’ 
porosity (P ) and degree of water saturation (S).

saturation (S = 0 and S = 1) are depicted in the graphs presented in Figs. 4 and 5, respectively. As 
it can be observed in these graphs, an increase in the samples’ porosity is followed by an increase in 
both ratios. We note that this trend is more accentuated for higher porosity values.

It has been recognized that the presence of water in the soil can strongly affect the responses of 
photoblastic seeds to light, with high red to far-red ratios being often required to break the dormancy 
of seeds buried in soils characterized by a low degree of water saturation.13 Our in silico experiments 
indicate that an increase in porosity can increase the red to far-red ratios of light transmitted through 
sand-textured soils. Hence, by increasing the porosity of these soils, one may be able to reduce the 
negative effects of a low water content. This corroborates previous postulations on the positive effects 
of high porosity (low compaction) on the germination of photoblastic seeds.13

We note that man-managed (e.g., tillage) or environmental (e.g., wind) processes can contribute to 
an increase in the porosity of sand-textured soils. Consequently, these processes can also affect the 
germination of photoblastic seeds buried in these soils. Thus, their potential impact on pressing agri-
cultural and ecological concerns, like the reduction of weed invasion in arable fields and the restoration 
of vegetation in desertified landscapes, should be closely examined.

Finally, we remark that that the transmittance of natural sands in the spectral region of interest, 
from 600 to 800 nm, is directly associated with the absorption spectra of iron oxides found in these 
soils. Thus, as it has been demonstrated by the results obtained for the two distinct samples considered 
in our investigation, spectral shifts affecting the transmittance and, consequently, the red to far-red 
ratio of light penetrating these soils, are also connected to the contents of these minerals present in a 
given sample. For example, the red to far-red ratios computed for the Saudi Arabian dune sample were 
higher than those computed for the Australian dune sample. Recall that the former is characterized by
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Fig 4 Comparisons of in vitro red to far-red ratios (R/F R) values calculated using transmittance readings computed at 
660 nm and 730 nm for the selected Saudi Arabian dune sample (left column) and the selected Australian sample (right 
column). These readings were obtained considering distinct values for the samples’ thickness (1.0 and 1.5 mm), porosity 
and degree of water saturation (S). Top row: S = 0. Bottom row: S = 1.

a lower iron oxide content, which leads to the steeper incline observed in its transmittance curves in 
the spectral region of interest. Therefore, one has to take these mineralogical aspects into account in 
the quantitative generalization of our findings.

5 Conclusion and Future Work

In the last decades, researchers from different disciplines have been examining how seed germination 
can be affected by water availability and light exposure, notably with respect to the red to far-red 
ratio of impinging light. Relevant research efforts have also been directed toward the effects of soil 
porosity on light transmission. To date, however, only scant information can be found about the impact 
of porosity variations on the red to far-red ratios of light transmitted through natural sands. This 
may be largely attributed to practical difficulties in properly accounting for the actual morphological 
and mineralogical characteristics of these soils while performing light transmission experiments on 
them. To overcome these constraints, we employed an in silico investigation approach in the research 
described in this paper. It enabled us to demonstrate the sensitivity of these ratios to variations on 
the porosity of distinct natural sand samples subject to different water saturation states. Our findings 
indicate that the negative effects of low red to far-red ratios on the germination of seeds of many 
species positively susceptible to light exposure, particularly considering limited water availability, can
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Fig 5 Comparisons of in vivo red to far-red ratios (R∗/F R∗) values calculated using transmittance readings computed at 
645 nm and 735 nm for the selected Saudi Arabian dune sample (left column) and the selected Australian sample (right 
column). These readings were obtained considering distinct values for the samples’ thickness, porosity and degree of water 
saturation (S). Top row: S = 0. Bottom row: S = 1.

be mitigated by processes leading to an increase in the porosity of the target sand-textured soils. More 
broadly, the results of our investigation strengthen the knowledge basis required for the predictive 
assessment (in situ or remote) of abiotic factors affecting the germination of seeds in sand-textured 
soils. Such an assessment, in turn, can be instrumental in the search for effective solutions for open 
problems in agriculture and ecology.

In the research described in this paper, we considered natural sand samples subject to dry and 
water-saturated states. As future work, we intend to increase the testing resolution of our in silico ex-
periments with respect to the samples’ degree of water saturation. More specifically, by incrementally 
varying this parameter, we plan to investigate the behaviour (e.g., linear, quadratic or exponential) of 
the resulting increase in the red to far-red ratios. In addition, we plan to extend our scope of obser-
vations to dry layers of natural sands whose grains, albeit immersed in a pore space filled with air, 
are enveloped by water films of variable t hickness. In other words, layers whose pore space has pre-
viously been occupied and/or traversed by water, which has either percolated to underneath layers or 
partially evaporated, leaving only the water films around the g rains. Finally, we note that grain shape 
can vary considerably depending on the transportation processes (e.g., by water or wind) leading to 
the formation of natural sand deposits. For example, water-transported grains tend to have smoother 
surfaces than wind-transported grains, whose sphericity tends to increase as the last stage of aeolian 
transportation becomes harsher.42 Thus, in our future work, we also plan to closely examine the effects
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of variations of sand grain shape on the red to far-red ratios of light transmitted through natural sand
layers of variable thickness and subject to different water saturation states.
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