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Abstract

Spectral characterization of vegetation using reflectance indices commonly relies on relationships between
spectral bands selected according to their ability to discriminate conditions or characteristics of interest.
However, formulations operating exclusively within the visible range are relevant when spectral acquisition is
restricted to 400—-700 nm. This study developed and evaluated a procedure for selecting a spectral relationship
capable of differentiating sampling positions PO and P150 in Stenocereus queretaroensis. Thirty-one spectral
bands at 10 nm intervals were analyzed, and 1,860 candidates were generated from four formulations:
difference, ratio, normalized difference, and spectral slope. Candidates were evaluated using paired PO-P150
comparisons by campaign, Benjamini-Hochberg false discovery rate correction, generalized estimating
equation models, and plant-grouped cross-validation. The 520-540 nm relationship showed one of the most
consistent behaviors among the candidate set and was significant in all 13 campaigns. The normalized
ND520-540 formulation, defined as (R520 — R540)/(R520 + R540), showed a mean P150-P0 difference of
-0.0271 and a standardized paired effect size of d_z = —0.850; the GEE model yielded 5 =-0.0308 (p = 2.59
x 10732). Five-fold plant-grouped cross-validation showed consistent selection of the proposed formulation
across held-out plant partitions. The results indicate that the 520-540 nm relationship represents a consistent
member of a central spectral family, without demonstrating unequivocal statistical superiority over all nearby
formulations. ND520-540 is therefore proposed as the primary normalized formulation for differentiating PO
and P150 under the experimental conditions studied. Independent validation is required before assessing its
generalization to new plants, campaigns, or acquisition conditions.

Keywords: Stenocereus queretaroensis; spectral index; reflectance; visible range; 520-540 nm; sampling-position
differentiation.

1. Introduction

Stenocereus queretaroensis is a columnar cactus of ecological and productive relevance in arid and semi-arid
environments. Its fruits are part of traditional use and represent a relevant component of regional
agroecological systems. Studies of the genus Stenocereus have documented its physiological adaptations to
environments with limited water availability and its potential as a plant genetic resource for dry regions
(Pimienta-Barrios & Nobel, 1994, 1998; Nobel & Pimienta-Barrios, 1995; Garcia-Cruz et al., 2022).

Non-destructive optical methods allow quantitative characterization of plant tissues without altering plant
development. Spectral reflectance represents the optical response of a material to incident radiation and
provides the basis for spectral signatures capable of describing differences among plant surfaces. These
signatures can be acquired using contact spectrophotometry or multispectral systems, providing repeatable
measurements under defined experimental protocols (Hernandez & Montaner, 2009; Jacquemoud & Ustin,
2001; Klan¢nik & Gaberscik, 2016; Acevedo-Correa et al., 2024).

Vegetation spectral response depends on the interaction between electromagnetic radiation and the
biophysical properties of plant tissue. Within the visible range, photosynthetic pigments contribute substantially
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to absorption and reflectance, while internal structure and other tissue components modify the shape of the
spectral signature. Consequently, reflectance should be interpreted in relation to both plant-material
characteristics and the acquisition conditions (Lichtenthaler, 1987; Roy, 1989; Jacquemoud & Ustin, 2001).

Vegetation indices are widely used to synthesize spectral information into quantitative, low-dimensional
variables. Their development is based on mathematical relationships among two or more reflectance bands
to emphasize differences associated with vegetation vigor, canopy structure, photosynthetic activity, or
pigment content. Since the formulation of the normalized difference vegetation index (NDVI), spectral-band
relationships have become a widely used approach for representing vegetation behavior from optical
measurements (Rouse et al., 1974; Huete, 1988; Qi ef al., 1994).

Subsequent formulations expanded this concept through narrow-band ratios, normalized differences, and
indices designed for specific vegetation conditions. Reviews of vegetation indices show that band selection
depends on the biological objective and the acquisition system, while spectral relationships may respond
differently across species and experimental conditions (Carter, 1994; Huete, 2012; Xue & Su, 2017; Zeng et
al., 2022). Therefore, development of a new index should be grounded in spectral evidence from the material
under study rather than relying solely on transfer of existing formulations.

A frequent limitation is that many widely used indices incorporate red-edge or near-infrared bands. Although
these regions provide valuable information for numerous applications, their use depends on the measurement
system having access to those wavelengths. When spectral acquisition is restricted to the visible range of
400-700 nm, it is necessary to determine whether relationships among the available visible bands contain
sufficient information to differentiate conditions or sampling positions (Huete, 2012; Xue & Su, 2017). This
need is particularly relevant for spectrophotometric systems designed exclusively for the visible range.

In Stenocereus queretaroensis, spectral signatures acquired directly from the stem provide an opportunity to
examine optical differences among positions within the same plant using a non-destructive protocol.
Development of a species-specific spectral formulation should be based on systematic evaluation of
relationships among visible bands and on the stability of their behavior across acquisition campaigns, without
assigning a particular band in advance to a specific physiological mechanism. Studies using in-situ
multispectral measurements in other plant systems demonstrate the value of spectral features and vegetation
indices for discrimination tasks (Cao et al., 2022).

Against this background, the objective of this study was to develop and select a spectral formulation based
exclusively on the 400-700 nm visible range to differentiate experimental sampling positions PO and P150 in
Stenocereus queretaroensis. Different reflectance relationships and mathematical transformations were
evaluated systematically to identify a compact, reproducible spectral variable supported by statistical evidence
under the experimental conditions of the study.

2. Materials and Methods

The analysis was conducted using spectral signatures of Stenocereus queretaroensis acquired within the
visible range of 400—700 nm. The experimental database comprised 109 plants evaluated across 13 sampling
campaigns. Each spectral signature was represented by 31 bands at 10 nm intervals. The analysis was
restricted to experimental positions PO and P150, with plant identity retained as the clustering unit for analyses
involving repeated measurements. Spectral measurements were obtained using a YS45 spectrophotometer
under D65 illumination with an 8 mm aperture. Measurements were acquired at the PO and P150 positions of
each plant. The resulting signatures were organized by plant, sampling position, campaign, and wavelength
to preserve the experimental structure and support subsequent paired, temporal, and repeated-measures
analyses.

The overall methodological workflow used for the development and selection of the spectral index is presented
in Figure 1.
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Figure 1. Methodological workflow for the development and selection of NDs,,—5.0 in Stenocereus queretaroensis.
Source: Authors' own work.

2.1 Experimental design and spectral database

Spectral comparisons were established between reflectance values recorded at PO and P150 for each
wavelength. These measurements were used to construct a search space for systematic evaluation of
relationships among the available visible bands, without incorporating spectral information outside 400-700
nm.

The design was structured as an intra-plant comparison between sampling positions. This structure preserved
the correspondence between PO and P150 measurements from the same plant and campaign, which was
subsequently incorporated into paired analyses and repeated-measures models. Across 109 plants and 13
campaigns, 1,417 plant-campaign combinations were theoretically possible. Four combinations lacked a
P150 record, and two additional pairs were excluded from the NDs,o—s40 analysis because the index could not
be calculated, resulting in 1,411 valid paired comparisons. For paired comparisons, the standardized effect

size was calculated as d, = %, where D = Xpy50 — Xpo, D is the mean paired difference, and SDj, is its
D
standard deviation.
D

d, = (1)

SDp

where D = Xp,5, — Xpo, D is the mean paired difference, and SD, is its standard deviation. The mean spectral
reflectance profiles of PO and P150 across the visible range are shown in Figure 2.
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Figure 2. Mean spectral reflectance of PO and P150 across the visible range.
Source: Authors' own work.

2.2 Construction of the complete spectral candidate space

The search space was constructed using the 31 available spectral bands between 400 and 700 nm. Rather
than restricting the analysis a priori to a subset of wavelengths, all possible combinations of two distinct
bands were evaluated. The 31 bands yielded 465 possible spectral pairs through combinations without
repetition.

For each wavelength pair a and b, four spectral transformations were generated:

D(a,b) =R, —R, )
R(a,b) =7 (3)
ND(a,b) = % 4)
S(a,b) == (5)

where R, and R, denote reflectance at wavelengths a and b, respectively.

Combining the 465 spectral pairs with the four transformations produced 1,860 spectral candidates. This
procedure allowed the relationship between wavelengths and the effect of the mathematical transformation
to be explored without defining a specific wavelength pair or final formulation a priori. The complete
candidate set formed the basis for subsequent statistical screening, temporal evaluation, repeated-measures
modeling, and selection of the proposed spectral formulation.

2.3 Statistical screening of candidates

Each of the 1,860 spectral candidates was initially evaluated using a one-way analysis of variance (ANOVA)
to quantify the global difference between PO and P150. For each candidate, the F statistic, p value, number of
observations, mean, standard deviation, and coefficient of variation (CV) were obtained. Candidates were
ranked from highest to lowest F statistic.

ANOVA was used as a global screening procedure to identify spectral relationships with greater differentiation
between sampling positions. Because the data had a longitudinal structure and repeated measurements from
the same plant, ANOVA results were treated as screening evidence rather than as the sole criterion for final
index selection.

In addition, the 31 individual bands were evaluated by ANOVA to characterize the distribution of discriminatory
behavior across the visible range. This analysis was used as a reference for interpreting the spectral location
of relationships identified during candidate generation.

2.4 Temporal evaluation and multiplicity control

Temporal consistency was evaluated independently for each of the 13 sampling campaigns. For each
candidate, paired comparisons between PO and P150 were established within plant and campaign, thereby
preserving correspondence between the two positions of the same individual.

Within each campaign, a paired-samples t test was applied to the 1,860 candidates. Because of the large
number of simultaneous comparisons, p values were adjusted using the Benjamini—-Hochberg procedure,
yielding within-campaign false discovery rate (FDR)-adjusted q values.

In addition to statistical significance, the standardized effect size of the paired differences (d_z) was estimated
for each candidate and campaign. The direction of the P150-P0 contrast was also recorded.

Temporal consistency was summarized by (i) the number of campaigns showing significance after FDR
adjustment, (ii) the frequency of the contrast direction, and (iii) the distribution of the absolute d_z values
across campaigns. Direction was used descriptively rather than as an isolated selection criterion because its
interpretation depends on the mathematical formulation.
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2.5 Evaluation using GEE models of paired differences

To explicitly incorporate dependence arising from repeated measurements on the same plant, the paired
difference was calculated as:

Ajj = P150; — PO (6)
where i denotes the plant and j the campaign.

For each candidate, a generalized estimating equation (GEE) model with a Gaussian distribution and identity
link was fitted. Campaign was included as a factor and plant was used as the clustering unit. An exchangeable
working correlation structure and consistent sandwich standard errors were used (Liang & Zeger, 1986).

For each candidate, the adjusted mean difference, consistent standard error, Wald statistic, z statistic, and p
value were obtained. P values were adjusted using the Benjamini-Hochberg procedure to facilitate
comparison among candidates.

The GEE model was used to evaluate inferential evidence for PO—P150 differences while accounting for
repeated measurements. Because candidates were evaluated and selected using the same experimental
database, this stage was considered internal evidence for the selection procedure rather than independent
validation.

2.6 Identification of spectral families and redundancy assessment

Candidate comparison was not limited to individual statistical rankings. Because different wavelength pairs
and mathematical transformations can generate highly related responses, candidate similarity was assessed
from the paired P150-P0 differences.

Candidates showing consistent temporal evidence and relevant effect magnitudes were grouped according to
the correlation among their paired-difference vectors. Hierarchical clustering was used to group candidates
with highly correlated paired-difference vectors, using an absolute correlation threshold of \(|r| \geq 0.95\) to
define the main spectral families. This procedure identified sets of candidates with similar spectral response
patterns and distinguished central relationships, relationships connecting central and red regions, and
relationships localized mainly in the red region.

An exchangeable working correlation structure was used because repeated observations from the same plant
were expected to share within-plant correlation without assuming a specific correlation pattern across
campaigns.

Representative candidates from the main families were subsequently selected to determine whether
simultaneous inclusion of different spectral relationships provided additional information for differentiating PO
and P150. This evaluation used multivariate GEE models, with sampling position as the response, plant as
the clustering unit, and campaign as an adjustment factor.

The purpose of this stage was to determine whether different families provided sufficient complementary
evidence to justify retaining more than one spectral relationship in the final formulation.

2.7 Selection of the relationship and proposed spectral formulation

Final selection was based on a hierarchical assessment of evidence rather than an arbitrary composite score.
The following were considered jointly: (i) global screening behavior; (ii) significance after FDR across
campaigns; (iii) magnitude and temporal stability of effect size; (iv) GEE evidence; (v) redundancy among
candidates and spectral families; and (vi) mathematical properties of the formulations.

The comparison was performed at two levels: first, the spectral relationship between wavelengths and,
subsequently, the mathematical transformation applied to that relationship. This approach prevented
differences in scale among formulations from being interpreted as evidence of different spectral signals.

For the 520-540 nm relationship, normalized difference and ratio formulations were considered:

NDs20—s540 = (Rs20 = Rs40) / (Rs20 + Rsa0) (7)
Rs20—s540 = Rs20 / Rsao (8)
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Both formulations represent the same spectral relationship and were not considered independent indices.
Their mathematical equivalence is expressed as:

NDs20—s540 = (Rsz0—s40 = 1) / (Rs20—540 + 1) 9)

Accordingly, NDs,,—s49 Was established as the primary proposed formulation, whereas Rs,o—s40 Was retained
as an equivalent supporting formulation. This choice was based on the normalization and bounded scale of
the ND formulation and does not attribute absolute statistical superiority to it over the ratio.

2.8 Plant-grouped cross-validation for stability assessment

Stability of the leading candidates was evaluated using five-fold cross-validation, with plant as the grouping
unit to prevent observations from the same individual from appearing simultaneously in training and test
sets.

Within each fold, candidates were ranked using only the training set according to the absolute paired effect
size. Candidates selected in training were subsequently evaluated in the held-out plant set using the effect
size of the P150-P0 differences.

Stability was summarized by the frequency with which each candidate appeared among the top 15 positions
across the five folds, together with the mean, standard deviation, and mean absolute effect size obtained in
the held-out sets.

This procedure was used as a stability assessment of the selection and not as external validation because
all folds originated from the same experimental database.

2.9 Final evaluation of NDs20—s40

Once the proposed formulation had been established, NDs,¢—s40 Was characterized using descriptive statistics
and measures of separation between PO and P150.

The mean, standard deviation, and coefficient of variation of the index were calculated. For paired
observations, the mean P150-P0 difference and standardized effect size d_z were estimated.

Separation between the PO and P150 distributions was additionally examined using the area under the curve
(AUC), the Mann—Whitney test, and the Kolmogorov—Smirnov (KS) distance. These metrics were interpreted
as complementary measures of the discriminative behavior of the index within the experimental database.

Results from this stage were considered internal evidence of index performance under the experimental
conditions studied. They were not interpreted as external validation or as sufficient evidence for establishing
a universal classification threshold.

3. Results

3.1 Evaluation of the candidate space

The evaluation comprised 1,860 spectral candidates derived from 465 wavelength pairs and four mathematical
transformations. The global analysis showed that the highest F statistics were concentrated mainly in
relationships involving the 550-680 nm region. The leading candidates were Rsg0—¢70 (F = 707.82), Rss0—670
(F = 694.09), and Rsgo—s60 (F = 692.40). This result showed that global ANOVA screening identified several
spectral relationships with discriminatory capacity and that the initial ranking did not establish a single
relationship as the final formulation. The statistical discrimination of the candidate spectral relationships across
the visible range is presented in Figure 3.
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Candidate spectral relationships across the visible range
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Figure 3. Statistical discrimination of candidate spectral relationships based on paired PO-P150 comparisons.
Source: Authors' own work.

Selection was therefore complemented by evaluation of consistency across campaigns and by models
accounting for repeated measurements. This allowed effect magnitude and stability of the P0-P150
differences to be considered jointly.

Table 1. Leading candidates according to the ANOVA F statistic.

Rank Index F p CV (%)
1 Rsso—s70 707.82 1.03x107"26 17.77
2 Rsso—670 694.09 1.02x107"24 18.24
3 Rseo—s60 692.40 1.80x10724 15.94
4 Rsso—6s0 685.02 2.21x107% 17.54
5 Rs70—670 677.88 2.47x1072 16.39
6 Rs70—660 676.86 3.48x1072 14.33
7 Rsso—es0 676.01 4.61x107% 17.94
8 Rsso—es0 668.50 5.94x107™ 16.56
9 Rseo—650 660.57 8.59x107"2° 14.23

10 Rs70—6s0 652.67 1.27x107"8 12.47
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3.2 Temporal consistency of candidates

Campaign-specific evaluation showed that 274 of the 1,860 candidates were significant after Benjamini—
Hochberg correction in all 13 campaigns. This result indicated that multiple spectral relationships produced
repeated PO-P150 differences, so selection could not be based solely on the global F statistic.

Among candidates significant in all 13 campaigns, the largest median absolute effect sizes were concentrated
mainly in central spectral relationships. NDs,—s40 Showed the highest median |d_z|, 1.159, followed by Rs,¢—
s40, 1.143. Both candidates were significant in all 13 campaigns and showed the same P150 < PO direction in
12 of the 13 campaigns.

NDs20—s40 had @ mean |d_z| of 1.091 and a standard deviation of 0.401 across campaigns. The corresponding
values for Rs,¢—s40 Were 1.085 and 0.402. The paired comparison of absolute effect sizes did not show a
statistically significant difference between the two formulations (W = 23; p = 0.127).

These results showed that the 520-540 nm relationship combined relatively large effect magnitudes with
consistent behavior across campaigns. The temporal behavior of NDs,0—s40 across the 13 campaigns is shown
in Figure 4.

Temporal behavior of NDs2-s40 across 13 campaigns
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Figure 4. Temporal behavior of ND 52o—s540 across 13 campaigns.

Source: Authors' own work.

3.3 GEE evaluation

The GEE analysis of paired differences incorporated the repeated-measures structure through plant-level
clustering and campaign adjustment. Candidates with the strongest inferential evidence were again
concentrated around the central spectral region.

The largest z statistic corresponded to NDs;¢—s40 (z = —12.505; p = 7.04 x 107%), followed by NDs1¢—s30 (z =
-12.502; p = 7.28 x 107*®) and NDsg¢—s540 (z = —12.361; p = 4.27 x 107%%). NDs,¢—s530 also showed consistent
statistical evidence (z = -12.301; p = 9.00 x 1073%).
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For NDs,0—s40, Z = —12.026, with an adjusted mean P150-P0 difference of —0.03080 (p = 2.59 x 107*). Its
equivalent Rs,¢—s40 formulation yielded z = -11.855 and an adjusted mean difference of —0.05008 (p = 2.02 x
10732).

The GEE ranking did not completely coincide with the ANOVA ranking. This difference showed that candidate
position depends on the statistical criterion used and that no single criterion provides a sufficient basis for final
formulation selection.

Table 2. Representative candidates according to the GEE model.

Candidate z p Adjusted A P150-P0 Mean |d_z|
NDsio—sa0  —12.505 7.04x107°3¢ -0.05848 1.050
NDsio—s30  —-12.502 7.28x1073¢ -0.04927 1.017
NDsoo—sas0  -12.361 4.27x107% -0.07779 0.997
NDsoo—sso  —12.324  6.72x107%* -0.07878 1.015
NDsao—s30 —-12.301  9.00x1073° -0.02078 1.076
NDsio—sso ~ —12.274  1.25x10734 -0.05992 1.063
NDsyo—sa0 —12.026 2.59x10733 -0.03080 1.091

3.4 Identification of spectral families

Candidate comparison showed that several relationships exhibited similar response patterns. To characterize
this structure, correlations among the paired P150-P0 differences were evaluated for candidates with
consistent temporal evidence.

The analysis distinguished a central family, a family connecting central and red regions, and a family located
primarily in the red region. NDs,0—s40, Rss0—s70, @nd NDggo—700 Were considered representative candidates,
respectively.

The paired differences of these candidates showed high-magnitude correlations. The correlation between
NDs20—540 and NDggo—700 Was r = 0.827, whereas the correlation between NDs,0—540 and Rsgo—670 Was r =
-0.824. These results indicate that part of the variation associated with sampling position is shared across
different spectral relationships.

In the multivariate model, adding Rseo—s70 t0 NDs,0—s540 did not provide evidence of a significant additional
contribution (p = 0.571). Adding NDggo—700 provided limited additional evidence (p = 0.0504), while the model
including all three candidates also did not demonstrate an unequivocal additional contribution from the
complementary relationships. Consequently, the results favored a single representation of the spectral signal.

3.5 Selection of NDs»0—s40 as the proposed formulation

The integrated evaluation identified the 520-540 nm relationship as a consistent representation within the
central candidate family. NDs,o—s40 Showed the highest median |d_z| among candidates significant in all 13
campaigns, while Rs,0—s40 Showed similar temporal behavior.

Plant-grouped cross-validation supported the stability of both formulations. NDs,,—s40 appeared among the
top 15 candidates in all five folds and had a mean held-out absolute effect size of 0.860. Rs;0—s40 also
appeared among the top 15 in all five folds, with a mean held-out absolute effect size of 0.858.

Comparison with nearby candidates showed that NDs,,—s40 Was not statistically superior to all neighboring
relationships. The evidence was therefore interpreted as support for a consistent spectral family around the
520-540 nm region, within which NDs,,—s40 provides a normalized and parsimonious representation.

The final proposed formulation was:
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NDs20—s540 = (Rs20 = Rss0) / (Rsz20 + Rsao) (10)

Its equivalent formulation was:

Rs20—s540 = Rs20 / Rsao (11)

The ratio was retained as complementary evidence of the same spectral relationship rather than as a second
independent index.

3.6 Global behavior of the proposed index

For NDs30—s40, 1,411 paired plant-campaign comparisons were analyzed. The global index mean was
-0.104834, with a standard deviation of 0.030421 and a coefficient of variation of 29.018%.

The mean P150-P0 difference was —0.027127, with a standard deviation of 0.031898 and a global
standardized effect size d_z = —0.850. The AUC was 0.761. As complementary measures of distributional
separation, the Mann—Whitney and Kolmogorov—Smirnov statistics indicated differences between the PO and
P150 distributions (p = 1.58 x 107'?"), whereas the Kolmogorov—Smirnov test yielded D = 0.385 and p = 1.58
x 10793, A total of 1,411 valid paired plant-campaign comparisons were available for NDs,o—s40. The global
discrimination and cross-validation stability of NDs,0—s40 are shown in Figure 5.

Discrimination and cross-validation stability of NDs2o-s40

Global distribution Plant-grouped five-fold cross-validation
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Cross-validation results represent internal stability across held-out plant groups.

Figure 5. Discrimination and cross-validation stability of NDs2o—s5.40-.
Source: Authors' own work

Overall, these results demonstrate differentiation between PO and P150 within the analyzed database,
although the two distributions remained overlapping.
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Table 3. Global statistics for NDszo—s40.

Metric NDs20—540
Global mean -0.104834
SD 0.030421
cv 29.018%
Paired comparisons 1,411
Mean A (P150-PO0) -0.027127
d_z -0.850
AUC 0.761
Mann-Whitney p 1.580%x107'%7
KS D 0.385
KS p 1.583x10°%

3.7 Temporal behavior of NDs30—s540

NDs,0—s40 remained statistically significant after FDR correction in all 13 campaigns. The P150 < PO direction
was observed in 12 of the 13 campaigns.

The magnitude of the contrast varied across campaigns, and one campaign showed a reversal in direction.
Therefore, the observed temporal consistency represents repeated differentiation between positions rather
than a temporally constant response.

The observed variability prevents establishment of a universal campaign-independent threshold with the
available evidence.

4. Discussion

Evaluation of the candidate space showed that differentiation between PO and P150 was not restricted to a
single spectral combination. Global ANOVA, temporal evaluation, and GEE models identified several
relationships with discriminatory capacity, with a concentration of relevant candidates in central regions of the
visible range. This pattern indicates that the signal associated with sampling position can be represented by
different combinations of bands and mathematical transformations.

Selection of NDs,o—s40 considered effect magnitude, consistency across campaigns, repeated-measures
structure, and stability observed through plant-grouped cross-validation. This approach avoided relying on a
single statistic as the decision criterion. The results did not show absolute statistical superiority of NDs2¢—s540
over all nearby candidates; therefore, its selection should be interpreted as the choice of a consistent and
parsimonious representation within a family of related spectral relationships.

The concurrent behavior of NDs,0—s40 and Rsz0—s40 among the most consistent candidates suggests that the
discriminative information is primarily contained in the relationship between reflectance at 520 and 540 nm
rather than in a specific mathematical transformation. The two formulations are mathematically equivalent and
show an almost perfect correspondence; therefore, they should not be interpreted as two independent indices.

The normalized NDs,0—s40 formulation was adopted as the primary representation because it expresses the
relative contrast between the two bands on a normalized and bounded scale. This is a mathematical
representation choice rather than a claim of statistical superiority over Rszo—s40-
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Results for nearby candidates, such as NDs;¢—s540, NDs20—s530, @and NDs,¢—s50, Show that the signal should not
be interpreted as exclusive to a single wavelength pair. In this sense, 520-540 nm can be considered a
representative relationship within a central spectral interval showing discriminatory behavior under the
conditions studied.

Correlation analysis of paired differences identified candidate families with related response patterns. In
addition to the central family represented by NDs,0—s40, relationships connecting central and red regions and
relationships located mainly in the red region were observed.

Multivariate evaluation did not provide sufficient evidence to justify retaining a second relationship as an
independent index. In particular, Rse¢o—s70 did not show a significant additional contribution after NDs,¢—s40 Was
included in the model (p = 0.571). The contribution of NDggo—700 Was limited and did not unequivocally establish
the need for a second variable. The final formulation was therefore retained as a single index, avoiding
additional complexity without sufficient evidence of complementary information.

This result also indicates that different candidates should not be interpreted as independent signals. Part of
their discriminative capacity may derive from shared variation patterns across the visible spectrum.

NDs,0—s40 Was statistically significant in all 13 campaigns, and the P150 < PO direction was observed in 12 of
them. This repeated contrast provides evidence that the spectral relationship can differentiate the sampling
positions across different acquisition campaigns.

However, effect magnitude varied across campaigns and one campaign showed a reversal in direction. The
results therefore do not support interpreting the index as a temporally invariant variable. The observed
variation should be considered part of the index behavior under different acquisition conditions and within the
experimental context.

Accordingly, the index can be used as a discriminative variable for the PO—P150 contrast under the conditions
studied, but definition of a fixed threshold or campaign-independent classification rule requires additional
evaluation.

The scope of the results is delimited by the experimental design and the database used for index development
and evaluation. All selection and evaluation stages were derived from the same database; therefore, GEE
analyses, temporal comparisons, separation metrics, and cross-validation constitute internal evidence of the
procedure rather than external validation.

Plant-grouped cross-validation provides information about selection stability across different partitions of
individuals but does not replace evaluation using an independent dataset. External validation will be required
to determine generalization to new plants, campaigns, or experimental conditions.

No independent biochemical or physiological measurements were available to associate the 520-540 nm
relationship specifically with a pigment, water content, tissue structure, or another physiological mechanism.
Accordingly, interpretation is limited to the observed spectral association between PO and P150.

Finally, the results do not support establishment of a universal classification threshold. Variation across
campaigns indicates that any decision criterion should be evaluated subsequently using independent data
under clearly defined acquisition conditions.

The principal methodological contribution of this study is a procedure for developing a specific spectral variable
from information restricted to the visible range. Evaluation of relationships among bands and mathematical
transformations allowed identification of a formulation that summarizes the observed difference between
sampling positions without relying on near-infrared bands.

Selection of NDs,¢—s40 as the primary formulation provides a normalized variable that can be evaluated in
future independent studies. The result is not intended to replace indices developed for other objectives or
spectral regions, but rather to establish a visible-range relationship specific to the experimental contrast
considered.

The evidence also indicates that spectral-relationship analysis should account for dependence among
observations and temporal variability. The combination of paired comparisons, multiplicity control, repeated-
measures models, and stability assessment provides a framework for future research aimed at developing
application-specific spectral variables.
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5. Conclusions

Analysis of spectral signatures in the 400-700 nm visible range identified spectral relationships capable of
differentiating experimental positions PO and P150 in Stenocereus queretaroensis. Evaluation of 1,860
candidates showed that discriminatory capacity was distributed across different wavelength combinations and
mathematical transformations; therefore, formulation selection cannot be supported by a single statistical criterion.

Joint evaluation of effect magnitude, consistency across campaigns, repeated-measures models, and plant-
level stability identified the 520—540 nm region as a representative relationship within a spectral family showing
consistent behavior. Within this relationship, NDs,0—s40 and Rs,¢—s40 Showed comparable results. Because of
its normalized and bounded formulation, NDs,¢—s40 Was established as the primary proposed formulation,
while Rs,0—s40 Was treated as an equivalent representation of the same spectral relationship.

NDs,0—s40 Showed a mean P150-P0 difference of —0.027127 and a global standardized effect size d_z =
-0.850 in the paired comparisons. The AUC of 0.761 and the Mann—Whitney and Kolmogorov—Smirnov tests
indicated separation between the PO and P150 distributions within the studied database.

Index significance remained after FDR correction in all 13 campaigns, while the P150 < PO direction was
observed in 12 campaigns. Variation in effect magnitude and the direction reversal observed in one campaign
indicate consistent differentiation but not temporal invariance.

Plant-grouped cross-validation showed stability of NDs,¢—s40 Selection across the analyzed partitions.
Nevertheless, this assessment and the other metrics used constitute internal evidence derived from the same
experimental database and do not replace validation with independent data.

Overall, NDs,0—s40 cOnstitutes a proposed visible-range spectral formulation for the PO-P150 contrast under
the experimental conditions studied. Its application to new plants, campaigns, or acquisition conditions should
be evaluated with independent data before establishing classification criteria or generally applicable
thresholds.
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