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Abstract: Wood distillate (WD) has recently emerged as a promising bio-stimulant for sustainable
legume crop production, owing to its ability to enhance seed yield and quality. However, no studies
exist on the effects of WD on chickpea plants at pre-harvesting stages, hindering the farmers’ ability
to acquire valuable knowledge on the early action of WD on the plants’ status and preventing
the establishment of proactive measures to optimize WD use in agriculture. In this study, two
multispectral, thermographic and spectroradiometric surveys, along with in-situ measurements of
specific plant biometric traits, were conducted across the reproductive stage of field-grown chickpea
in order to evaluate the early involvement of WD on plant health. The acquired multispectral images
were used to calculate the Normalized Difference Vegetation Index (NDVI), revealing a notable ~35%
increase in NDVI scores of WD-treated plants at the onset of physiological maturity, and indicating
an improved plant status compared to the control (water-treated) plants. Moreover, control and
WD-treated plants exhibited distinct spectral signatures across the visible, near-infrared (NIR) and
short-wave infrared (SWIR) spectra, suggesting potential changes in their photosynthetic capacity,
structural properties and water content both at the leaf and at the pod level. Furthermore, WD-treated
plants showed a 25% increase in pod production, particularly at the beginning of seed maturity,
suggesting that enhancements in plant status were also reflected in higher pod yields. These results
point to a beneficial effect of WD on plant health during the preliminary stages of seed formation and
indicate that a combination of both multispectral and spectroradiometric analyses can provide critical
insights on the status of chickpea crops at pre-harvesting stages. In addition, these findings emphasize
the importance of analyzing pre-harvesting stages to gain insights into the early involvement of WD
in promoting plant health and, ultimately, in predicting final crop yields.

Keywords: bio-stimulants; legumes; NDVI; spectral signatures; crop health; sustainable agriculture;
precision agriculture

1. Introduction
Chickpea (Cicer arietinum L.) holds a prominent position as one of the most widely

consumed pulses worldwide, with a total production of 18 million tons harvested over
more than 14 million hectares [1]. This pulse contributes significantly to global food
security and sustainable agriculture, as it is the third most widely grown legume crop in the
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world and it can capture atmospheric nitrogen and improve soil structure and fertility [2].
However, the excessive use of synthetic fertilizers in agriculture is urgently demanding
for effective and sustainable strategies to improve chickpea production [3]. In this context,
the re-valorization of plant waste-derived by-products is increasingly gaining preference
over the use of harmful agrochemicals as an eco-friendlier approach to boost crop health
and productivity [4]. In particular, wood distillate (WD), a liquid by-product obtained
during the production of green energy through the pyrolysis of waste plant biomass, is
increasingly being used as a bio-stimulant, owing to its ability to promote crop growth and
yield with minimal impact on sensitive non-target organisms [5–7]. Studies on the effects
of WD on legumes have emerged only recently and have focused on the measurement of
specific seed traits at the post-harvesting stages, including biomass production, nutrient
content and anatomical features. For example, application of WD through foliar spray and
fertigation has shown to increase protein content, mineral content and yield in lentil (L.
culinaris L.), chickpea and bean (Phaseolus vulgaris L.) seeds [8,9], while foliar application
alone has increased the diameter as well as both the protein content and antioxidant power
of chickpea seeds [10].

However, while the effects of WD on seed yield are well documented, the influence of
WD on the plant at pre-harvesting stages has not been investigated yet. These stages can
indeed provide critical insights into the early involvement of WD in determining final seed
yields, ultimately allowing for proactive measures in managing plant health and optimizing
growth conditions to ensure crop health. In this context, high-throughput field phenotyping
techniques, including multispectral and thermographic analyses, are particularly suitable
for the determination of plant health at pre-harvesting stages. These approaches can
provide continuous, non-invasive monitoring of plant development and, hence, realistic
insights into the dynamic nature of crop performance in agricultural settings [11–13]. For
example, multispectral analyses and the calculation of vegetation indices, such as the
Normalized Difference Vegetation Index (NDVI), have been previously used to phenotype
the potential yield of different legume plants, including pea and chickpea [12,14], as well
as to assess disease severity in chickpea caused by the fungal pathogen Ascochyta rabiei [15].
Moreover, thermographic analyses have been previously used to evaluate the index of
stomatal conductance among different chickpea genotypes [16] as well as to evaluate
the germination capacity of pea seeds [17]. Hence, these non-destructive approaches
could provide important insights on the bio-stimulatory effects of WD on chickpea at
pre-harvesting stages, allowing farmers to optimize field management strategies (e.g.,
biofertilizer/biopesticide application or irrigation scheduling), especially during periods of
harsh conditions.

One of the most critical pre-harvesting steps in chickpea development is the reproduc-
tive stage, during which plants develop flowers that give rise to oblong pods containing
one or two seeds each. This reproductive process is of outmost importance, as it ensures
seed production, which is not only valuable for consumption but also plays a vital role in
plant propagation and yield [18]. Considering that there is no evidence on the effect of WD
on this critical developmental stage, this study employed a comprehensive approach com-
bining multispectral, thermographic and spectroradiometric analyses, along with in-situ
measurements of specific biometric indicators, to evaluate the effects of WD on the health
status of chickpea plants during the reproductive stage. The first hypothesis of this study
was that the application of WD could improve both the plant health status and the produc-
tion of pods during the preliminary stages of seed formation. In the second place, it was
hypothesized that the combination of multispectral, thermographic and spectroradiometric
analyses could be a reliable approach to assess potential differences in the health status of
non-treated and WD-treated chickpea plants. Since previous studies were not performed
on this application stage, the present work can be considered a precursor in verifying the
positive effect of WD on plants’ health and production in the pre-harvesting chickpea stage.
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2. Materials and Methods
2.1. Plant Material and Wood Distillate Characteristics

Chickpea seeds were kindly provided by Del Colle Srl. (Bientina, Italy). The wood
distillate (WD) tested in this study was provided by BioDea© Srl (Arezzo, Italy) and was
obtained from the pyrolysis of sweet chestnut (Castanea sativa Mill.) biomass, using a
thermal gradient up to 75 �C and then left to settle for at least three months. Table 1 shows
the WD components and their quantities.

Table 1. List of the wood distillate (WD) components and their quantities.

Component Quantity

Acetic acid (%v/v) * 2–2.3
Polyphenols (g L�1) * 22–25

Density (Kg L�1) * 1.05
pH * 3.5–4

Fe (mg L�1) ** 3.2
Na (mg L�1) ** 4.9
K (mg L�1) ** 32.9
Ca (mg L�1) ** 944
Zn (mg L�1) ** 3.6
Mg (mg L�1) ** 16

* Analysis provided by the producer; ** Determined in [8].

2.2. Study Site and Experimental Set Up
The experiment was conducted in a chickpea crop field at Meristema Srl (located in

Buti, Tuscany, Italy, Figure 1), where no mineral fertilizers, pesticides nor herbicides were
added. The same applies for the surrounding proximal areas, meaning that the possibilities of
external contamination are to be considered very negligible. Chickpea seeds were sown on
15 April 2023 in a soil characterized by 26% clay, 37% sand and 3.3% organic matter [8]. When
plants reached the fifth node stage (approximately 30 days after sowing), 6 experimental
plots (1.5 m ⇥ 7.5 m) were selected, containing 20 plants each (Figures 1 and 2). Following a
randomized complete block design, in half of the plots, plants were both foliar sprayed weekly
and fertigated every 2 weeks with WD. The other half were treated in the same way but
using tap water only (i.e., control, C). Before application, WD was diluted in tap water at 0.2%
(v/v) for foliar treatments and at 0.3% (v/v) for fertigation ones, according to the producer’s
instructions. The volume of treatment applied varied according to the plant growth stage,
ranging from 100 to 250 mL per plant. Plots were separated by a row of untreated plants.

2.3. Multispectral-Thermal Surveys and Image Processing
The multispectral and thermographic surveys were carried out during the reproduc-

tive stage of chickpea: the first one on 14 July 2023, corresponding to the early beginning
of seed formation (i.e., when a fully expanded green pod was present and seed cotyledon
growth was visible); the second one on 4 August 2023, corresponding to the first stage
of plant maturity (i.e., when the first pods reach maturity and thus become dry, turning
into a light-yellow color), approximately three weeks before harvesting (i.e., when ~90% of
pods reach maturity) (Figure 3). This approach was chosen given that both techniques al-
lowed for efficient phenotyping in different legume crops and have been used for detecting
changes in plant status, which are not visible to the naked eye [12,14,16]. The multispectral
survey was conducted using a rod armed at its end with a ParrotTM Sequoia sensor (four
bands within the spectral range from 0.55 to 0.79 µm) equipped with a 16 MP camera
(Figure 4).
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The frames obtained from the survey were georeferenced using 31 targets, operating
as ground control points (GCP), which were measured through a LeicaTM GS15 dual-
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frequency geodetic GNSS (Global Navigation Satellite System) receiver in NRTK (Network
Real Time Kinematic) mode. Measurements were executed, with acquisition times ranging
from 20 s to a few minutes, to achieve positional accuracy values of about ±1 cm for
planimetry and about ±1.2 cm for altimetry. The correction service, used in NRTK, is the
HxGNTM Smartnet, while LeicaTM Infinity software [19] version 3.4.2, was used to visualize
and validate the measured points in the laboratory. Using the Convergo application [20]
and related geodetic grids, the points’ elevation was transferred from the WGS84 ellipsoid
to sea level. Results from the topographic survey were used to georeference each image in
the ETRF2000/UTM32N reference system.

The end of images pre-processing was followed by the manual selection for each frame
of chickpea plants, using the polygon selection tool provided by NIH ImageJ software [21]
version 1.54g. The generated polygons were loaded into the QGIS software [22] version
3.38, and their Normalized Difference Vegetation Index (NDVI) values were calculated by
the Raster Calculator tool, according to Equation (1):

NDVI = NIR � RED/NIR + RED (1)

where RED stands for the spectral reflectance measurements acquired in the red region
(wavelength range~0.62–0.75 µm) and NIR stands for the spectral reflectance measurements
acquired in the near-infrared region (wavelength range~0.75–1.4 µm), respectively. The
NDVI values can range from �1 to 1. Values below 0 indicate non-vegetated areas, while
values closer to 1 indicate greater amounts and healthier vegetation. This index was selected
since it was previously used to evaluate the health status of field-grown chickpea [12,23].

To remove the remaining soil background, a threshold value for pixels with NDVI
values lower than 0.75 was applied to create a binary mask separating the soil from the
plants and resulting in a new raster layer showing only NDVI values compatible with the
presence of chickpea (Figure 5).

The same aforementioned support, i.e., metal rod, was equipped simultaneously with
an OPTRISTM PI450 thermal camera (Figure 4), which allows video acquisitions in the
temperature range between �20 �C and 900 �C, with a thermal sensitivity of 0.1� K and
a frame rate of 80 Hz in a spectral range between 7.5 and 13 µm. This type of camera
primarily measures the surface temperature of an object and its subtle variations.

While the multispectral camera acquires single images, the thermal camera records a
video, from which single frames can be extracted to be processed in a photogrammetric
workflow. An example of this output frame is shown in Figure 6, where lower values are
indicated by blue shades (i.e., minimum temperature of 26 �C), while higher values are
indicated by red shades (i.e., maximum temperature of 52 �C).

The same image processing for geolocating, as described for the multispectral images,
was applied to the frames chosen from the thermal sensor surveys, utilizing the same
polygon extraction and visualization techniques.

2.4. Acquisition and Processing of Spectral Signatures
In each plot, out of the 20 plants present, 10 plants from control plots and 10 from

WD-treated plots were randomly selected for the acquisition of spectral signatures using
an ASD™ FieldSpec 3 portable spectroradiometer (Figure 7).

The instrument is equipped with an optic fiber, which operates in the 0.3–2.5 µm
spectral range, and it acquires spectra relating to the visible light (~0.35–0.7 µm), to the
NIR (~0.75–1.4 µm) and to the short-wave infrared (SWIR, ~1.8–2.5 µm). In particular, the
spectral resolution is 3 nm (full-width-half-maximum) at 700 nm, 10 nm (full-width-half-
maximum) at 1400 nm and 10 nm (full-width-half-maximum) at 2100 nm; meanwhile, the
sampling interval is 1.4 nm for a spectral interval of 350–1000 nm and 2 nm for a spectral
interval of 1000–2500 nm.

The ASD™ RS spectral acquisition software, version 3, allows for the measurement of
a mediate spectrum. In fact, over 10 s, it acquires a spectrum per second and then returns a
single mediate spectrum based on 10 measurements.
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Figure 5. Procedure for NDVI calculation in chickpea plants: (a) detail of a selected chickpea plant
from the multispectral image; (b) calculation of NDVI in the selected plant; (c) application of a
threshold to create a binary mask; (d) generation of a new raster layer containing the selected plant
and its associated NDVI value; (e) aspect of the whole plant at the end of the image processing.
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terminal leaflet of the five youngest fully expanded leaves and the surface of a fully developed pod
(green in color and full of seeds) were considered.
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In each selected plant, spectra were collected in the adaxial side of the terminal leaflet
of the five youngest fully expanded leaves and in the surface of five fully developed pods
(green color and seed-filled) from the same leaves. Thus, considering that 2 measurements
were acquired for each of the 10 plants inside the 6 plots, a total of 120 spectral signatures
were acquired in each of the 2 spectroradiometric surveys (i.e., 60 for the leaves and 60 for
the pods). At the end of the spectral signatures collection, the total number of measurements
amounts to 240.

Before starting the acquisition, spectral signatures of a reference white Spectralon panel
made of polytetrafluoroethylene (PTFE) were acquired to have a reference for high radiance
values (i.e., 95–99% reflectance over the entire spectrum) to be used for computing the
spectral reflectance of every leaf and pod. In fact, the reflectance values of plant elements
were computed by rationing their radiance mean value to that of contemporary acquisitions
on the white Spectralon panel. This procedure was repeated for every five measured
plants, respecting the suggested maximum time of 10–15 min, to avoid errors due to solar
lightening variations (i.e., passing clouds on a sunny day). Mean spectrum values were
calculated to obtain a single spectrum at the leaf and pod level and plotted to illustrate the
average spectral signatures of C and WD-treated plots. The reflectance ratios between the
measured sample over the white reference were calculated by the ViewSpec Pro™ software,
version 6.2, which allows for the performance of spectroradiometric data processing.

2.5. Plant Growth and Pod Production
In the August survey campaign, both the total number of pods and the number of

mature (dry) pods were counted and recorded, and plant height was obtained by measuring
the main stem height from the soil surface to the tip of the uppermost fully developed leaf
extended vertically.

2.6. Statistical Analysis
Since the data did not approach a normal distribution (Shapiro–Wilk test, p < 0.05), a

generalized linear mixed-effect model (GLMM) was fitted for each variable and run using
the Gamma distribution, with treatment as fixed effect and plot as random effect [24,25].
Results were presented as median ± experimental error, where the latter was expressed as
the interquartile range divided by the square root of the number of observations. Analyses
were performed using R software, version 4.3.1 [26].

3. Results
3.1. Multispectral and Thermal Scores

The average spatial accuracy of GCPs, measured through the GNSS surveys carried
out in July and August 2023, was about 3 cm, and it allowed for the alignment and
georeferencing of the photogrammetric blocks. Thanks to this procedure, the precise
location of the image acquisition perspective centers in the chosen reference system (i.e.,
ETRF2000/UTM32N) was obtained, as shown in Figure 8.

The generated NDVI images from the multispectral frames and their associated aver-
age scores (Figure 9a,b) unraveled both time- and treatment-dependent differences in the
status of chickpea plants. During the July campaign, the NDVI scores were similar between
the control and WD-treated plants (0.55 ± 0.05 vs. 0.61 ± 0.04; p < 0.05), as shown by the
generated NDVI images, indicating no potential effects of WD on plant status in the initial
stages of seed formation. However, at the beginning of physiological maturity (August
campaign), the NDVI scores of the control plants significantly decreased by 25% (p < 0.05)
compared to July, while those of the WD-treated plants decreased only slightly. As a result,
the NDVI scores of the control plants in August were significantly lower compared to the
WD-treated ones (0.41 ± 0.03 vs. 0.55 ± 0.02; p < 0.05).
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Figure 9. (a) Generated NDVI images from the most representative control (C) and WD-treated (WD)
plants in July and August and (b) associated average NDVI scores (median ± error). Different letters
indicate statistically significant differences between the same treatment in July and August, while
asterisks (*) indicate statistically significant differences (p < 0.05) between C and WD-treated plants in
July and in August; ns: not significant.

Furthermore, generated thermal images and their associated temperature values
(Figure 10a,b) showed that plant temperature decreased significantly in August compared
to July (from 33 ± 2 �C to 24 ± 2 �C), independently of the treatment analyzed. Accordingly,
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differences in the environmental temperature were also recorded between the two survey
campaigns, with temperatures ranging from 33 �C to 21 �C and from 25 �C to 17 �C in the
July and the August campaigns, respectively (Figure 11). On the other hand, no significant
differences among treatments were observed in July or in August, indicating similar plant
surface temperatures and hence, similar heat emission levels.
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indicate statistically significant differences between the same treatment in July and August; ns: not
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3.2. Leaf and Pod Spectral Signatures
The spectral signatures obtained at the leaf and pod level through spectroradiometric

analyses showed a similar pattern compared to what was observed at the whole plant level
in the multispectral analyses. While both treatments showed similar spectral signatures
in July (Figures 12a and 12c, respectively), several differences were observed in August
(Figure 12b,d) across the entire spectrum. In fact, regarding the visible wavelength, WD
application led to lower reflectance values compared to control plants at the leaf level
(0.06–0.19% vs. 0.04–0.12%), while similar reflectance values were recorded at the pod
level (~0.06–0.23%). Moreover, WD-treated plants exhibited higher reflectance values
compared to the control in the NIR band, both at the leaf and at the pod level (0.68–0.73% vs.
0.47–0.56% and 0.65–0.76% vs. 0.48–0.62%, respectively) as well as in the SWIR band
(0.18–0.42% vs. 0.067–0.22% in leaves and 0.1–0.26% vs. 0.04–0.16%, respectively).
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3.3. Plant Growth and Pod Production
Regarding the number of pods produced per plant, no significant differences were

found between the control and WD-treated plants in the July campaign (beginning of
seed formation). However, in the August campaign (first stage of plant maturity), the
number of pods in WD-treated plants was almost 25% higher compared to control ones
(28.5 ± 4.9 and 43.9 ± 6.3, respectively; p < 0.05). In addition, a similar number of ma-
ture (dry) pods was counted in both treatments (5 ± 2 and 7 ± 3, respectively, p > 0.05)
(Figure 13), indicating no significant effects of WD on the initiation of pod maturation. As a
result, in the August campaign, WD-treated plants showed a lower proportion of dry pods
per plant compared to control ones (13% and 18%, respectively).
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Regarding plant height, the application of WD did not have a significant effect on this
parameter, neither in July nor in August (p > 0.05 in both cases; Figure 14).
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4. Discussion
In the present study, multispectral, thermographic and spectroradiometric analyses

were used to evaluate the effects of WD on the status of chickpea plants during the repro-
ductive stage. Considering the multispectral analyses, the general decrease in the NDVI
scores in August in comparison to July was expected for two main reasons. In the first
place, variations in temperature can critically affect this index, with higher temperature
conditions yielding higher NDVI values [28]. Thus, the lower temperatures recorded
during the August campaign could have partly affected the plants’ reflectance properties,
ultimately decreasing the NDVI scores. In the second place, during the August campaign,
the plants’ dry matter content increased because of the beginning of the pod maturation
process, likely decreasing the overall plants’ reflectance in specific bands, particularly in
the NIR region, and hence yielding lower NDVI values [29]. Notably, this NDVI decrease
from July to August was significantly less pronounced in WD-treated plants compared to
control ones. This observation suggests that the application of WD could have delayed the
pod maturation process while extending the plants’ vegetative growth, providing more
space and resource allocation towards the production of green biomass, including both
new branches and pods. This hypothetical WD-mediated vegetative growth-promotion
effect could fit well with the indeterminate growth habit of chickpea plants, characterized
by a prolonged vegetative growth even after the plant switches to reproductive mode.
Consistently with our findings, previous studies have shown positive effects of WD on the
vegetative growth of different plant species, displaying either indeterminate or determinate
growth, including tomato (Solanum lycopersicum L.) and peanut (Arachis hypogaea L.) as well
as eggplant (Solanum melongena L.) and green gram (Vigna radiata L.), respectively [30–32].
However, it is important to consider that, in the present study, both the NDVI scores and
the number of pods were evaluated during the reproductive stage, and hence, data on the
final seed yield (i.e., seed number, seed weight and/or seed diameter) would be required to
confirm whether the selected parameters at pre-harvesting stages can be reliable indicators
of the final plant productivity.

Furthermore, the different spectral signatures of control and WD-treated plants re-
trieved from the August campaign suggest that the application of WD could have altered
the content of pigments, water and/or other biochemical constituents at the leaf and pod
level, potentially affecting their photosynthetic activity and overall health. Considering
the visible bands, the lower reflectance at the leaf level may indicate higher absorption of
light by chlorophyll, suggesting a higher chlorophyll content and a potential increase in
photosynthetic activity in WD-treated leaves [33,34]. In support of this hypothesis, appli-
cation of WD has been previously shown to increase chlorophyll content in both legume
and non-legume species [9,10]. Moreover, previous studies have shown a negative relation-
ship between leaf chlorophyll concentration and reflectance in the visible light in different
plant species, including Camphor tree (Cinnamomum camphora L.), Norway maple (Acer
platanoides L.), horse chestnut (Aesculus hippocastanum L.), tomato (Solanum lycopersicum
L.) and cabbage (Brassica oleracea L.) [35–37]. However, it is important to consider that
higher concentration of chlorophyll at the leaf and pod level does not necessarily imply
higher chlorophyll concentration at the canopy level, and hence, the described changes
associated to the spectral signatures remain hypothetical. In this context, measures of other
biometric traits (e.g., leaf fresh/dry weight or leaf area) as well as direct measurements of
chlorophyll using chlorophyll measurement tools (e.g., chlorophyll content meter) may
help to understand the effects of WD on chlorophyll content.

Furthermore, a general increase in reflectance in both NIR and, to a lesser degree, in the
SWIR spectra was expected, given that leaves typically contain many air pockets that cause
internal reflection and scattering of NIR radiation [38]. The observed changes in reflectance
in these regions are related to modifications in both the internal leaf cell structure as well as
the water absorption of vegetation [39–41]. Hence, the observed stronger reflectance signals
in these regions may indicate lower water content in the WD-treated leaves and pods. Yet,
it is important to note that lower plant water content can be tolerated by plants quite well,
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as several plant species, including chickpea, have evolved natural adaptations to efficiently
utilize water and maintain their physiological functions in low water environments [42].
Contrary to the spectral results, thermographic analyses did not show any treatment-
dependent differences on the status of chickpea plants. Therefore, the information provided
by the combination of both multispectral imaging and spectroradiometric analyses may
be comparatively more suitable to obtain accurate insights on the plant status under the
tested conditions.

Overall, the use of both multispectral and spectroradiometric analyses for the evalu-
ation of the status of chickpea crops could have significant implications for agricultural
practices and the management of leguminous crops. In fact, by leveraging these advanced
sensing technologies, farmers and researchers could make more informed decisions to opti-
mize crop productivity and sustainability through the application of novel bio-stimulants
like WD. For example, by providing detailed information about crop health and variabil-
ity at the field scale, farmers could implement site-specific management strategies (e.g.,
concentration and rate of WD to be applied) to optimize resource allocation and to max-
imize yields. In addition, these techniques could support breeding efforts towards crop
improvement by enabling the early detection of diseases and stress, facilitating precision
agriculture practices and supporting breeding efforts for crop improvement. Nevertheless,
although initial results are encouraging, there is not yet an experimental basis that has
proven the mechanisms of action of WD, and hence, future studies are necessary to dig into
the processes influenced by WD that generate the observed differences in plant status both
at the leaf and at the whole plant level.

5. Conclusions
To the best of our knowledge, this is the first study combining multispectral, ther-

mographic and spectroradiometric analyses to comprehensively evaluate the status of
chickpea plants during the reproductive growth stage.

The observed increase in NDVI scores at the whole plant level, the changes in the
spectral signatures at the leaf and pod level, and the increased production of pods collec-
tively point to a positive impact of WD on plant health during the preliminary stages of
seed formation.

By harnessing the power of advanced sensing technologies, farmers and researchers
could make smarter choices to enhance crop productivity and sustainability. This can be
achieved by using innovative bio-stimulants such as WD. By obtaining precise information
about the health and variations of crops on a field level, farmers can implement tailored
management strategies. These strategies may include determining the ideal concentration
and rate of WD application, resulting in optimized resource allocation and increased yields.

Hence, these findings underscore the significance of evaluating pre-harvesting stages
to gain valuable insights into the early contributions of WD in promoting plant health,
providing evidence-based strategies to optimize chickpea cultivation and contributing to
the advancement of sustainable crop management in precision agriculture.

As agriculture faces increasing challenges due to climate change and resource limi-
tations, the adoption of more sustainable and eco-friendly products, such as plant waste-
derived byproducts, holds promise for enhancing resilience and productivity in agricultural
systems worldwide.
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