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ABSTRACT

The diﬀerent photosynthetic and morphological characteristics of C3 and C4 plants may lead to distinct physiological
responses of C3 and C4 crops to stress factors. These responses are strongly correlated with the red edge of these plants,
the s-shaped curve in the 680-800nm region of their reﬂectance spectra. We performed controlled in silico experiments
to investigate the patterns of the red edge displacements resulting from C3 and C4 specimens subjected to the same
stress conditions. Our ﬁndings indicate these patterns need to be taken into account in the development of eﬀective
monitoring procedures for C3 and C4 crops.
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1. INTRODUCTION
Earth’s fresh water supplies are used predominantly in agriculture. This situation makes the eﬀective monitoring
of crop responses to nutrient and water stress essential not only from an economical, but also from an ecological
point of view. An underestimation of their nutrient and water requirements may lead to reduced yields, while an
overestimation may lead to adverse human health and environmental eﬀects such as the contamination (e.g., due to
the excessive use of fertilizers) and even depletion of limited fresh water supplies.1, 2 These aspects have motivated the
use of remotely sensed data as a tool to distinguish between nutrient and water stress in precision crop applications, 3–5
and the development of accurate drought stress detecting sensors to limit irrigation water use and prevent long-term
production losses.6 It is worth noting that the high demand for reliable early detection of stress conditions is not
limited to agricultural applications. It is also desirable in land rehabilitation applications and forestry.7 For example,
certain fungal diseases responsible for massive tree mortality in forests can cause a stoppage of sap ﬂow, which, in turn,
results in wilt. Hence, it is possible to detect these diseases at an early stage by assessing the water stress conditions
in the aﬀected vegetation.8
Two diﬀerent photosynthetic mechanisms can be found in high order plants, namely the single cell C3 photosynthetic
pathway and the two cell C4 photosynthetic pathway.9 Although C3 species (e.g., rice and soy) are more numerous
than C4 species (e.g., sorghum and corn), the latter account for approximately a quarter of the world’s agricultural
production.10 This can be largely attributed to their higher photosynthetic capacity, which has motivated recent
investigations aimed at the introduction of the C4 photosynthetic pathway into C3 crops such as soy and rice.9, 10
The diﬀerent biophysical characteristics of C3 or C4 plants may lead to distinct responses to stress factors. These
responses are strongly correlated with their red edge, the s-shaped curve in the 680-800nm region of their reﬂectance
spectra.11 The point of maximum slope of this curve, known as the red edge position (REP), corresponds to the
peak of its ﬁrst derivative, which can be obtained by computing the point of intersection of its second derivative with
the abscissa.12 Nutrient and water stress can result in a REP shift, notably toward shorter wavelengths, known as
“blue shift”.8 Accordingly, red edge data can be used, for example, in the online control of nitrogen (N) spreading (N
fertilization treatments), and to assess water status.4, 5 It has been observed13 that a REP shift of only one nanometer
may translate to a diﬀerence in nitrogen fertilizer requirement of approximately 15 kg/ha. It is also worth noting that
although water stress may have a positive eﬀect on the sugar contents of some crops (e.g., fruits, green soy and sweet
potatoes), a more severe reduction of water content lay lead to a decline in crop yield and fruit size. 8
In this work, we performed controlled in silico experiments to investigate the patterns of the red edge displacements
resulting from C3 and C4 plants subjected to the same nutrient and water stress conditions. For this investigation,
we have selected two species representative of C3 and C4 plants, namely soy (Soja Hispida) and corn (Zea mays
L.). This choice was motivated by two aspects. First, their signiﬁcant agricultural value, which also translates to
a larger availability of measured data for these species in the scientiﬁc literature. Second, the fact that their leaves
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Figure 1: The web interface for the ABM-B model available through the Natural Phenomena Simulation Group
Distributed (NPSGD) framework.14 Through the webpage, researchers can conﬁgure biophysical parameters and
execute light transport simulations involving bifacial C3 . The default values depicted for these parameters were used
in our in silico experiments involving a typical soy leaf.
have a distinct morphology, bifacial and unifacial, respectively, which enables a broader examination of biophysical
phenomena leading to REP shifts. Our ﬁndings indicate that speciﬁc REP shift patterns need to be taken into account
in the development of eﬀective monitoring procedures for C3 and C4 crops in order to accurately assess their irrigation
and nutrient requirements.

2. MATERIALS AND METHODS
Our in silico experiments were performed using predictive spectral models of light interaction with bifacial and unifacial
plant leaves, namely the ABM-B (algorithmic BDF (bidirectional scattering distribution function) model for bifacial
plant leaves) and the ABM-U (algorithmic BDF model for unifacial plant leaves), respectively. The descriptions of
these models are fully provided in the scientiﬁc literature.15, 16 In order to allow the reproduction and extension of
our investigation to other experimental conditions, we made the simulation framework and data employed in this work
openly available for download.17–19 Hence, researchers can either download oﬄine versions of the ABM-B and ABMU models and perform the simulations on their own computers, or run the simulations through our online system14
(Figs. 1 and 2, respectively).
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Figure 2: The web interface for the ABM-U model available through the Natural Phenomena Simulation Group
Distributed (NPSGD) framework.14 Through the webpage, researchers can conﬁgure biophysical parameters and
execute light transport simulations involving C4 plants with unifacial leaves. The default values depicted for these
parameters were used in our in silico experiments involving a typical corn leaf.
In order to characterize a typical soy leaf and a typical corn leaf, we used data provided in the scientiﬁc literature.20–22 This data along with simulation parameters (wavelength range and angle of incidence) were conﬁgured using
the web interfaces presented in Figs. 1 and 2, respectively. The modelled spectral responses employed in our investigation correspond to directional-hemispherical reﬂectances (ρ) obtained from the adaxial leaf surfaces, and considering
an angle of incidence of 8◦ and a spectral resolution of 5 nm. With respect to the stress conditions, our investigation
focused on moderate water stress and nitrogen deﬁciency.
We considered moderate water stress (relative water content around or above 70%) for two reasons. First, it
occurs more often in nature.23 Second, we are aiming at early detection of stress factors so that irreversible or slowly
reversible damages to the plants’ photosynthetic apparatus, that are likely to occur during severe water stress, 24, 25
can be prevented. Accordingly, we simulated two levels of moderate water content reduction, namely 15% and 30%.
In the case of the soy leaf, this change of water content resulted in its thickness being reduced to 92.5% and 77.5%,
respectively. These ﬁgures were estimated from experimental work performed by Woolley. 26 Similarly, in the case of
the corn leaf, the change in water content resulted in its thickness being reduced to 87.5% and 75%, respectively, and
the aspect ratio of its spongy cells being increased by 14% and 33%, respectively. These ﬁgures were also estimated
from experimental work performed by Woolley.26, 27
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Similarly, our decision to simulate nutrient stress through nitrogen deﬁciency was motivated by the following
reasons. First, the majority of nutrient stress symptoms have a similar eﬀect on foliar spectral responses. 28, 29 Second,
nitrogen is arguably the most important element for growing crops and maintaining a healthy environment. 30 Finally,
it is the mineral nutrient required in the greatest amount by plants.1 We also remark that the eﬀects of mineral
nutrients on crop yield and their connection with plant water stress have been examined in the literature mainly
through studies involving nitrogen-deﬁcient plants.3–5, 31 As stated by Carter and Knapp,32 nitrogen deﬁciency can
be closely simulated by varying the pigment concentration of modelled leaves. Accordingly, we reduced the pigment
concentrations of our modelled normal (control) specimens by 15% and 30% to obtain the spectral responses for the
modelled nitrogen-deﬁcient specimens.
We employed the following central-diﬀerence second order formulas 33 for the ﬁrst (Equation 1) and second (Equation 2) derivatives of the modelled directional-hemispherical reﬂectance curves in order to estimate the REP for these
curves:
ρ(λ + h) − ρ(λ − h)
2h

(1)

ρ(λ + h) − 2ρ(λ) + ρ(λ − h)
,
h2

(2)

ρ (λ) =
and
ρ (λ) =

where λ corresponds to the wavelength of interest and h represents the step size. In our numerical computations of
the derivatives, we considered a step size of 25 nm.

3. RESULTS AND DISCUSSION
In our ﬁrst set of simulations, we have considered typical corn and soy specimens submitted to two diﬀerent levels
(15% and 30%) of nitrogen deﬁciency and water reduction. As expected, the results presented in Figs. 3 to 6 and
Table 1 indicate a monotonic shift toward shorter wavelengths. However, a closer examination of the REP values
indicates that while nitrogen deﬁciency resulted in an approximately linear decrease of the REP for both specimens,
the water reduction resulted in a diﬀerent pattern. More speciﬁcally, while for the corn specimen the decrease was
also approximately linear, for the soy specimen the decrease was approximately quadratic as highlighted by the REP
diﬀerences (from normal to 15% and from 15% to 30%) presented in Table 2.
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Figure 3: Simulated changes in the REP of a typical corn specimen due to nitrogen deﬁciency. Left: ﬁrst derivative of
the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 4: Simulated changes in the REP of a typical corn specimen due to moderate water reduction. Left: ﬁrst
derivative of the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 5: Simulated changes in the REP of a typical soy specimen due to nitrogen deﬁciency. Left: ﬁrst derivative of
the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 6: Simulated changes in the REP of a typical soy specimen due to moderate water reduction. Left: ﬁrst
derivative of the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Specimen

Normal Conditions

corn
soy

Nitrogen Deﬁciency
15%
30%
715.75
711.75
715
711

720
719.25

Water Reduction
15%
30%
717.25
714.25
717.25
713.25

Table 1: Simulated REPs (nm) of typical corn and soy specimens subjected to nitrogen deﬁciency and moderate water
reduction.
Specimen

Nitrogen Deﬁciency
15%
30%
4.25
4
4
4

corn
soy

Water Reduction
15%
30%
2.75
3
2
4

Table 2: Diﬀerences between simulated REPs (nm) of typical corn and soy specimens subjected to nitrogen deﬁciency
and moderate water reduction.
Although the diﬀerent internal arrangement of the tissues of unifacial C4 and bifacial C3 specimens may be responsible for their distinct REP shifts with respect to moderate water stress, one has also to consider that the specimens
used in these simulations have diﬀerent biophysical characteristics such as thickness and pigment content. Hence, to
increase our scope of observations, we also considered virtual control corn and soy specimens with the same thickness
and pigment contents. The values for these parameters were obtained by averaging the parameters provided in Figs. 1
and 2, which were used to characterize the typical corn and soy specimens used in our previous set of experiments.
We note that the resulting values assigned for the characterization data describing the virtual corn and soy specimens
are within the actual range of values measured for real corn and soy specimens.14, 20, 21
The results of our second set of simulations involving the virtual corn and soy specimens subjected to two diﬀerent
levels (15% and 30%) of nitrogen deﬁciency and water reduction are presented in Figs. 7 to 10 and Table 3. The
same monotonic shift toward shorter wavelengths can be observed in these results. In addition, the nitrogen deﬁciency resulted in a similar pattern of REP shift for both specimens, albeit not quite as linear as the corresponding
pattern observed in the ﬁrst set of simulations. More importantly, the water reduction resulted in a similar REP
shift pattern observed in the ﬁrst set of simulations, namely an approximately linear decrease for the corn specimen, and an approximately quadratic decrease for the soy specimen as indicated by the REP diﬀerences presented
in Table 4. These results suggest that indeed the diﬀerences in the internal arrangement of the tissues of unifacial
C4 and bifacial C3 leaves may be responsible for their distinct REP shift patterns in response to moderate water
stress. As pointed out by Govender et al.,7 the inﬂuence of the internal leaf structure on plants’s spectral responses
to changes in water content can make the detection of low or moderate levels of plant water stress diﬃcult. Hence,
the structural diﬀerences between unifacial C4 and bifacial C3 plants should be carefully taken into account in the
early assessment of the water-stress and in the discrimination between this condition and nutrient (nitrogen) deﬁciency.
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Figure 7: Simulated changes in the REP of a virtual corn specimen due to nitrogen deﬁciency. Left: ﬁrst derivative of
the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 8: Simulated changes in the REP of a virtual corn specimen due to moderate water reduction. Left: ﬁrst
derivative of the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 9: Simulated changes in the REP of a virtual soy specimen due to nitrogen deﬁciency. Left: ﬁrst derivative of
the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Figure 10: Simulated changes in the REP of a virtual soy specimen due to moderate water reduction. Left: ﬁrst
derivative of the reﬂectance spectra. Right: second derivative of the reﬂectance spectra.
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Specimen

Normal Conditions

corn
soy

724
718

Nitrogen Deﬁciency
15%
30%
718.5
715
714.25
711.5

Water Reduction
15%
30%
720
715.5
716
712

Table 3: Simulated REPs (nm) of typical corn and soy specimens subjected to nitrogen deﬁciency and moderate water
reduction.
Specimen
corn
soy

Nitrogen Deﬁciency
15%
30%
5.5
3.5
3.75
2.75

Water Reduction
15%
30%
4
4.5
2
4

Table 4: Diﬀerences between simulated REPs (nm) of typical corn and soy specimens subjected to nitrogen deﬁciency
and moderate water reduction.

4. CONCLUDING REMARKS
In general, investigations involving red edge shifts focus on nutrient factors aﬀecting the pigment content of plants, 7
and data relating red edge shifts to water stress is relatively scarce in the scientiﬁc literature. 8 Even though the in silico
experiments presented in this paper suggest distinct REP shift patterns for unifacial C4 and bifacial C3 plants with
respect to moderate water stress, actual in vivo experiments are required to conﬁrm these trends. We note, however,
that similarly to other in silico investigations in the system biology ﬁeld,1, 34 the simulation framework presented in
this paper can potentially be used to accelerate the processes of hypothesis generation and validation in this area.
Upon in vivo experimental validation, such new hypotheses can be employed in remote sensing investigations aimed at
the reliable assessment of stress factors aﬀecting C3 and C4 crops, notably in regions with limited access to fresh water
supplies or approaching their peak productivity potential. Accordingly, we hope that the putative trends depicted in
this work may contribute to the design of new eﬀective procedures for the early detection and discrimination between
nutrient and water stress, specially for important bifacial C3 crops such as soy.
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