Response to Reviewer #1
Dear reviewer,

We greatly appreciate the reviewers’ comments and suggestions, which
significantly improve our study. We did a major revision as suggested.
Basically, we selected images captured between 12:00-14:00pm as suggested,
and thus rerun all the analysis. Minor revisions can be tracked in word
document, and major revisions was conducted in several sections highlighted
with yellow. Below are the point-by-point responses:

1. The conclusion is that shadow fraction does not significantly affect the
prediction capabilities of PRI of relative water content. I find that hard
to believe. If PRI is different for a range of shadow fractions and water
content in an entire plant is generally similar than there must be a
difference? Let’s think about a pixel with either 10% shadow or 90%
shadow (we don’t know what it is), the PRI is different (right?) but the
relative water content in the plant is not (or is that a wrong
assumption?).

The fraction of shaded leaves may vary with pixels due to the viewing
geometry, species, plant densities, etc., but studies usually ignored the
impacts of shaded leaves and adopted the uniform sampling strategy. For
example, in Panigada et al. (2014) and Rossini et al.’s (2013) study,
measurements of physiological properties of plants were conducted on the
youngest fully expanded leaf of crops; in Rapaport et al.” (2015) study,
measurements were conducted on a single sun-exposed, youngest fully-
matured leaf of each grapevine. Therefore, we changed the fractions of
shaded leaves and evaluated its impact on water stress detection using the
uniform RWC sampling strategy, as conducted in most studies.

2. It would be interesting to mention whether this conclusion holds up for
other crop types. How generally applicable is the outcome of this
research?

As canopy geometry and leaf orientation may have great impacts on the
within-canopy distribution of incoming solar radiation, so we are not sure if
other crops may show the similar phenomena found in our study. I
mentioned that Further research is indeed needed to understand the shaded-



leaf effect on PRI and water stress detection, especially for crops have
different canopy geometry from winter wheat.

. I don’t understand why the authors focus on just PRI. The title only
mentions PRI, but the research also includes different forms of NDVI
and WI. However, on Page 3, line 7, only different formulations of PRI
are mentioned. It seems like a waste of data, when the feature extraction
is so limited. There are many other VI’s in literature than can be
explored, such as; health index (HI), plant senescing reflectance index
(PSRI), renormalized difference vegetation index (RDVI), and
normalized photochemical reflectance index (PRIn) to name a couple. A
nice overview of narrowband indices can be found in (Lopez-Lopez,
Calderon, & Gonzalez-Dugo, 2016).

We understand review’s confusion, so we removed the analysis other than
PRI. As reviewed in the introduction, PRI is the physiological indicator that
is sensitive to the de-epoxidation state of the xanthophyll pigments, so it has
emerged to be a pre-visual indicator of water stress. The other VIs are not
physiological index. They are sensitive to the changes in pigment, structure,
water content caused by water stress, and thus theoretically less responsive to
water stress than PRI.

. The terms “stressed plants” and "mixed" are confusing. I assume this is
water stressed, but how stressed are they? It would be cleaner to use
quantifying terms like RWC. This also applies to figures 3 and 4. It
would be interesting to see the trend over RWC and not over days of
water stress. Mixed is mentioned several times and shown in figures, but
what is it? What percentage of shadow/sunlit?

Thanks very much for the suggestions. We removed the analysis about the
mixed to avoid confusion. And we removed the original figure 3 and 4, and
plotted PRI against RWC instead.

. A quick google search on “assessing shadow effects on photochemical
reflectance index” pointed me at two valuable papers that weren’t cited.
The authors should consider including them; (Suarez, Zarco-tejada,
Sepulcre-cantd, & Pérez-priego, 2008) and (Zhou et al., n.d.).



Thanks for the suggestion. We had a major revision to the introduction
section, and we cited these two studies as suggested.

6. Page 1, line 1, the authors of this paper look at more than only PRI. The
title makes it seem like this is the only Vegetation Index.

Thanks for the suggestion. We have revised the title and removed the
analysis of the other Vs, so this paper focuses only on PRI.

7. Page 3, line 7, what is the seasonal scale? I don’t see this in the rest of the
paper.

We changed it into “in the growth season” to make it clear and consistent.

8. Page 3, line 30-31, can the authors explain why they use three pots for
hyperspectral imaging and three for collecting samples? Why aren’t the
same pots used for both imaging and sampling? How big is the possible
error that is introduced here?

We separated the pots based on the usage, because we collected samples
several times during the experiment, and if we used the same pots for imaging
and sampling, the plant density would be different each time after we collected
samples. Therefore, to avoid the effect of the decreasing density caused by
sampling, we separated the pots into two groups, one group for imaging and
one group for sampling. We also averaged measurement taken in three pots to
reduce the uncertainty caused by the differences between pots for imaging and
pots in sampling.

9. Page 4, line 1, it is unclear to me what kind of measurements the authors
are talking about.

We specified the measurements as “physiological and spectral
measurements’.

10. Page 4, line 16-19, can the authors elaborate a little more on the
characteristics of the hyperspectral camera. Mention the FWHM (Full
Width Half Max) and the spatial resolution.

We didn’t find the information about FWHM of SOC710, but we calculated
the spatial resolution. The revision was highlighted in section 2.3.1.



11. Page 4, line 21, I don’t think you should say “errors”, maybe use
“variation”.

It has been corrected as suggested. Thanks very much.

12. Page 4, line 23, can the authors explain more about the wavelength
correction? How is this different from the radiometric calibration and
what is the in- and output?

We apologize for this mistake. We checked the user’s manual, and found that
it should be wavelength calibration (also called spectral calibration) is
performed at the factory. Therefore, we removed it from the manuscript.

13. Page 4, line 27, why do the authors use the Mahalanobis distance
method, and what is it? Page 4, line 29, how is the overall accuracy
determined? How many validation points are used?

Since the supervised classification of sunlit and shaded leaves ignored the
continuous change of solar radiation received by leaves, we removed the
methods of the supervised classification, and manually selected the very dark
leaves as shaded leaves and the very bright leaves as the sunlit leaves.

14. Page 5, line 12-15, the feature extraction in this section is somewhat
unclear to me. Can the authors describe why an interpolation function
was used and not the closest wavelength to determine the VI’s?

PRI is a normalized difference of reflectance at 531 nm and reflectance at a
reference band (e.g. 570 nm) in the visible domain. But the spectral
resolution of the hyperspectral imager is about 4.68nm, which means the
imager doesn’t measure reflectance at 531 and 570 nm. Therefore, to
accurately calculate different forms of PRI, we interpolated the original
spectrum into 1nm band width.

15. Page 5, lines 15-19, I’m unfamiliar with this approach of normalizing
the difference of a normalized index. It would be helpful if the authors
show previous studies that use this approach, or if they could justify this
method in another way.

We removed the analysis about normalizing the difference of PRI shaded
and PRI sunlit.



16. Page 6, lines 4-9, the statistical analysis section is very concise and lacks
insight in the process. Can the authors make it clear which method is
used for which part of the analysis? Further on in the paper the uniform
model is introduced, but this is not mentioned in the statistical analysis
section. Please include this.

Thanks very much for your comments. We revised the description of
statistical analysis as suggested.

17. Page 7, figure 2, legend; “sunlit leave”. The figure would be more
informative if the confidence interval was included (I assume that the
data shown is the average response?). How much do the two groups
differ?

Thanks for the suggestion. We added confidence interval in Figure 2.

18. Page 7, Table 2a&Db, this table contains a lot of information, but it is
unclear what the most important numbers are. Maybe move this to
supplements. Another statistic which can be insightful is a 2-sample t-
test and find the VI with the lowest p-value for the most significant
difference between sunlit leaves and shadow.

Table 2a&b show that for PRIS70 and similar PRI formulations of sunlit
leaves were generally lower than those of shaded leaves for the control
treatment, but for the water stress treatment, the reverse relationship was
found, which was an important finding of this study. Hence, we decided to
keep Table 2a&b in the manuscript.

19. Page 9, line 12; how is it possible to have a plot of unstressed plants over
days of water stress?

We realized it was confusing, and so we rewrote the sentence.

20. Page 11, table 3, what do the numbers mean? Is it the Pearson’s
correlation coefficient? Make this clear in the caption. Page 13, table 4,
same comment as for table 3, what is the relationship? Is it a correlation
coefficient?

We specified in the caption that the relationship was the pearson correlation
coefficient.



21. Page 12, figure 5, this figure is not very informative. Either explain why
this figure is useful or take it out.

Thanks for the suggestion. We removed Figure 5.

22.Page 1, line 26, it states that monitoring the change in canopy
temperature is a direct way to evaluate water stress. Shouldn’t this be
indirect?

Canopy temperature directly relates to plant transpiration, so it is kind of a
direct way to assess water stress. But to avoid confusion, we rewrote the
sentence.

23. Technical Corrections Page 1, line 21, I think it should be “and
frequent”; Page 5, line 10, I would leave out the following sentence;
“The fraction of shadow and the fraction of sunlit leaves should be
summed to 1”; Page 6, line 13, leave out “obviously”; Page 6, line 13,
leave out “The spectra of the shadow showed a rise in the near infrared
region, but”; Page 8, line 8&10; use “decreased” instead of “fell”’. Page
14, linel, I think

We greatly appreciate the thorough review. The above errors have been
corrected.
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Response to Reviewer#2
Dear reviewer,

We greatly appreciate the reviewers’ comments and suggestions, which
significantly improve our study. We did a major revision as suggested.
Basically, we selected images captured between 12:00-14:00pm as suggested,
and thus rerun all the analysis. Minor revisions can be tracked in word
document, and major revisions was conducted in several sections highlighted
with yellow. Below are the point-by-point responses:

1. “This study collected PRI data within a window between 1000 and

1400h. Unfortunately, wheat PRI can change dramatically between 1000
and 1400h. Magney et al. (2016) demonstrated that PRI can vary by a
factor of 4 between 1000 and 1400h, particularly later in the growing
season when water stress is at its peak...... ”

We greatly appreciate the reviewer’s comments about PRI data. To minimize
the diurnal change in PRI, we selected hyperspectral images capture between
12:00 pm and 1:30 pm. As shown in Magney et al. (2015)’s study, variations
in PRI values of wheat canopies were minimal between 12:00 pm and 1:30
pm. The following analyses were based on the images captured between
12:00 pm and 1:30 pm.

. “Because foliar deepoxidation state will relate to the instantaneous level
of non- photosynthetic quenching (NPQ), and NPQ relates to the
instantaneous amount of PAR striking a leaf, what is being defined as a
sunlit leaf? In figure 1, some leaves are normal to the camera lens, then
curve away. There is more of a continuum of light values, rather than
two distinct classes of sunlit canopy vs. shaded canopy...... ”

We do agree that that NPQ relates to the instantaneous amount of PAR
striking a leaf, but it’s hard to measure PAR received by every leaf. The
evaluation of PRI of shaded and sunlit leaves extracted from high-resolution
hyperspectral imager is the most effective way to understand the impacts of
heterogeneous illumination within a canopy on PRI as well as water stress
detection with PRI. However, we realized the problem of classifying the
whole hyperspectral images into shaded and sunlit leaves. Therefore, we



manually selected the most shaded and the most sunlit leaves of each image,
as conducted in several similar studies (Takala and Méttus 2016; Zhou et al.
2017). The following analysis were all based on the data of the manually-
selected shaded and sunlit leaves.

. The variants of PRI selected for this study are influenced by both long
term (constitutive) and short term (facultative) plant physiological
processes, and the influences of long term vs. short term pigment pools
cannot be isolated from each other.

Hwang et al. (2017) found that the ratio (sPRI) of sunlit canopy PRI (backward
direction images) to shaded canopy PRI (forward direction images) captured
drought signals in a temperate deciduous forest. Inspired by these studies, we
tried to use APRI and PRI sunlit/PRI shaded to disentangle the facultative
and constitutive components. However, the correlation between RWC and
APRI or PRI _sunlit/PRI shaded was not significant, and thus results were not
shown in the manuscript.

We PRI3 that used reflectance at 512 nm as the reference band provided the
most accurate estimates of RWC with varying shaded-leaf fractions, except
for the 100% shaded-leaf fraction. PRI3 was originally developed for the
needle tree based on the evidence that reflectance at 512 nm was not
responsive to the change in xanthophyll epoxidation state (Hernandez-
Clemente et al. 2011). In their study, PRI3 showed the highest correlation with
the stomatal conductance and water potential at the canopy level, and the
lowest sensitivity to canopy structure, in comparison with PRI570 and NDVI.
Our results also showed the superior performance of PRI3 than the other
formulations of PRI in estimating RWC, implying that for winter wheat band
512 nm might be a better reference band that could maximize the physiological
responses of band 531 nm.

. The light (PAR) incident on the plants was not measured or considered
in the analyses. This, combined with the fact that the authors are
treating a continuous variable of light intensity as a categorical variable
(i.e. sun- lit vs. shaded) unfortunately are fundamental omissions that
make the results of this study invalid in my opinion.

Thanks very much for the comments. Although we didn’t measure PAR at
the site, the reference panel was captured in every image for the radiometric



calibration. As the reference panel is spectrally neutral across a wide range of
wavelengths, we averaged the DN values within 450- 650nm as the surrogate
of PAR. However, we found that the correlation between PRI and PAR was
not significant, except for PRIS, and thus results were not shown in the
manuscript (Figure 1).

Furthermore, our study focuses on quantifying the impacts of varying
shaded-leaf fractions on water stress detection using PRI. The sunlit and
shaded leaves represent the within-canopy distribution of incoming solar
radiation, because it is hard to measure solar radiation received by every leaf.
Therefore, from our perspective, the investigation of how PRI sunlit and
PRI shaded respond to the changing solar radiation under the control and
water stress condition is not critical to our study.
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Figure 1. Pearson correlation coefficient between PRI and DN value of reference spectral panel of unstressed plants
and stressed plants for sunlit leaves (a) and shaded leaves (b). Correlation coefficient higher than 0.515 is significant
at P <0.05.



10.

Please remove “the” in the title to make the title more readable.
We removed it as suggested. Thanks!

Abstract Line 7: PRI can correlate with several types of plant
ecophysiological functions depending on the timeframe of analysis. As a
result, several different types of plant stress (nutrient, water, pathogen)
can influence the de-epoxidation state of a plant as it responds to excess
light. It would also be helpful to indicate here that the PRI is a remotely
sensed spectral vegetation index. I therefore suggest that the authors
remove ‘water’ from this first line and rather state “. . .a pre-visual
remotely sensed indicator of plant stress.”

We revised abstract as suggested.

Line 8: «“. . .whether variations the shadow fraction, which can be
influenced by varying view angle and crop density. ..”

We rewrote the sentence.

Line 11: Three different variants of PRI are presented here, without any
indication that the different formulations of PRI can be interpreted in
different ways, based on several considerations (e.g. timeframe of
analysis, phenological responses within the growth cycle, etc.).
Specifying how many formulations were tested would be helpful. For
example, “. . .using 6 different formulations. . .”

Thanks for the suggestion. We specified the number of formulations of PRI
we used.

Introduction Page 1, Line 23: Suggest new paragraph starting with
“Remote sensing. . .” Line 24: “. . .assess water status. ..”

Thanks for the suggestions. We have revised as suggested.

Page 2, line 4: Please see first comment I made on the abstract. As I read
further in this section, it appears that the authors do a pretty good job of
overviewing the connection between PRI and stress. It would be useful
to still include some mention of non-water-related stressors here in this
section (e.g. nutrient availability, pathogens) and also structure the
argument to explain to the reader that the xanthophyll cycle serves to



11.

12.

13.

14.

15.

protect the light harvesting complex from excess light, and that the
threshold for a plant to deal with excess light varies according to a
multitude of environmental factors (water availability being one, yes,
but not the only one).

Thanks for the suggestion. We revised introduction section, and mentioned
environmental stress (not just water stress) can trigger the de-epoxidation.

Line 25: I respectfully disagree that the impacts of shadowing on PRI
are generally ignored. This is a widely recognized phenomenon. The
authors should re-word this statement.

The sentence has been deleted.

Line 30: The more mechanistically appropriate way to explain this is
that the xanthophyll cycle status is affected by incident PAR, which is in
turn affected by the level of self-shading (i.e. shadow fraction) within a
canopy.

The sentence has been revised as suggested.

Intro in general: Magney et al. (Remote Sensing of Environment, 2016,
173: 84-97) reported relationships between derivations of the PRI and
various environmental conditions (including VPD) in three different
portions of a wheat field. This paper should be briefly overviewed in the
introduction and potentially the discussion due to the goals of the study
being closely related to the current paper.

Thanks for the suggestion. Magney et al. ‘s study (2016) was mentioned in
the introductions and discussed in the discussion section.

Page 3, Line 2: “. . .the PRI’s capability. . .” The PRI does not have
agency or capability. Scientists have a capability to interpret PRI data to
detect stress. Please reword. Materials and Methods Page 3, Line 13:

“rectangular” Page 3, Line 16: “plots” should be “pots” Line 20: remove
“a”

Thanks very much for the thorough review. The minor errors were corrected.

Line 22: Were all pots located in the rainout shelter? Because plant light
harvesting complexes and pigments can change as a result of the



16.

17.

18.

19.

20.

ambient light environment in which they are growing, it is important to
know whether the rain-out shelters reduced the PAR striking the
canopy. What was the influence of these shelters on the ambient light
condition?

Yes, all pots located in the rainout shelter. The rainout shelter had
transparent curtains, which were rolled up on the sunny days. And as we
mentioned in the manuscript, the transparent shed was open half an hour
before measuring began. Although we didn’t compare the light environment
for the pots inside the rainout shelter and outside the rainout shelter, we
believe the differences would be minimal for the seasonal water stress
detection.

Line 23 and 26: “control” is more specific than “reference”
It has been corrected as suggested.

Line 20: Due to a number of factors such as VPD and air temperature,
the PRI of wheat can change dramatically between 1000 and 1400h......

Please see the response to the first comment.

Line 30: Depending on the specs of this journal, you probably need to
specify the ENVI manufacturer, version, etc.

The manufacturer and version were added as suggested.

Figure 1: This classified image highlights a question for me. Because the
deepoxidation state will relate to the instantaneous level of NPQ, and
NPQ relates to the instantaneous amount of PAR striking a leaf, what is
being defined as a sunlit leaf? In figure 1, some leaves are normal to the
camera lens, then curve away. There is more of a continuum of light
values, than two distinct classes of sunlit canopy vs. shaded canopy. As a
result, the analysis may be flawed because it is trying to capture a
process that responds to a continuum (of incident PAR, specifically)
using a binary shadow/non-shadow classification.

Please refer to response to comment #2.

Table 1: Unfortunately, of all of the PRI calculations used in this study,
the two variants of PRI that have been shown to correlate most strongly



with water status and other diurnally changing physiological variables,
the deltaPRI and the PRIo, (Magney et al. 2016) were not calculated or
used in this study. The various variants of PRI used in this particular
study are influenced strongly by longer-term chlorophyll:carotenoid
ratios that will mask the instantaneous effects of changing light or VPD
conditions

Please refer to response to comment #3.
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