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Abstract

Tomato (Solanum lycopersicum L.) is one of the most economical vegetable crop worldwide, often limited by nutrient imbalances and
suboptimal management practices. This study evaluated the effect of different iodine sources potassium iodide (KI) and potassium iodate
(KIO5) and application methods (seed priming, soil application and foliar spray) on the growth, phenology and yield of tomato over 2
consecutive years. The experiment comprised 9 treatments laid out in a randomized complete block design (RCBD). The central hypothesis
proposed that iodine though not traditionally essential but can enhance photosynthetic performance, flowering efficiency and nutrient-use
efficiency. Results revealed that iodine application significantly improved plant height, canopy width and number of branches per plant with
the highest values observed under the combined application of Kl through seed priming, soil and foliar spray (T8). Foliar applications alone in
treatments T4 and T5 also performed effectively and promoted early flowering. Yield parameters including total and marketable yield were
significantly enhanced by iodine treatments, with T4 (Kl foliar spray) depicting increased total yield by 6.5 % and marketable yield by 7 % over
the control. The highest benefit-cost ratio (2.80) was recorded in T4 (Kl foliar), indicating superior economic efficiency. The positive responses
are attributed to iodine's role in enhancing photosynthetic activity, antioxidant defence and hormonal regulation. While integrated
application provided maximum physiological benefits, foliar spray alone emerged as the most practical and cost-effective strategy for field
conditions. The study suggested that foliar application of Kl at 0.01 % offers a sustainable, cost-effective approach to improve vegetative
growth, reproductive efficiency and yield in tomato. This approach offers business potential and precision nutrient management and value-
added vegetable production worldwide. Future studies should explore its incorporation with digital nutrient mapping and broader vegetable
systems for climate-resilient agriculture.

Keywords: agronomic efficiency; foliar application; iodine; seed priming; sustainable; tomato yield

Introduction

Tomato (Solanum lycopersicum L.) is a widely cultivated solanaceous
vegetable in the world after potato, valued for its high economic
returns, nutritional richness and year-round demand (1). It is a good
source of protein, antioxidants vitamins (A and C), minerals and
carotenoids (lycopene, beta-cryptoxanthin, zeaxanthin, lutein and
beta-carotene) which assist to prevent cancer and degenerative
disorders (2). Despite its global significance, tomato production is
increasingly constrained by nutrient imbalances, soil degradation and
inefficient input management, which limit both yield and quality (3). In
this context, nutrient management strategies that improve
productivity while enhancing ecological sustainability have gained
criticalimportancein presenttimes (4).

Globally, tomato is cultivated on approximately 5 million
hectares, with an annual production exceeding 180 million tonnes
and an average productivity of 36 million t ha™. Tomato s cultivated
across all states and union territories of India and holds significant
potential in export market. In India, it is cultivated on an area of 0.85
million hectares with production of 21.55 million tonnes and

productivity of 25.28 million t ha™ (5).

Among micronutrients, iodine though not traditionally
classified as essential for plant growth has recently emerged as a
beneficial element, known to influence various physiological,
metabolic and reproductive processes in crops (6). Its roles in
antioxidant defence, flowering regulation and biomass accumulation
has been documented in several horticultural crops, yet systematic
studies in tomato remain limited (7). Moreover, iodine’s potential to
enhance yield quality and resilience under variable environmental
conditions presents an untapped opportunity for sustainable
intensification (8,9).

Seed priming represents a promising physiological approach
toimprove seed performance and early crop establishment. It involves
controlled hydration of seeds to initiate pre-germinative metabolic
processes without actual germination. This process enhances nutrient
uptake, enzyme activation and antioxidant defence mechanisms. This
leads to uniform emergence and improved stress resilience (8).

In addition to seed priming, soil and foliar spray offer diverse
pathways for plant uptake (10). The soil route supports root
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absorption and sustained availability, while foliar application
provides rapid nutrient assimilation during active vegetative and
reproductive phases (11). However, their comparative effects on
growth, flowering, yield and resource-use efficiency in tomato are
not well established. While combined application strategies may
provide comprehensive nutrient access, they are often labour-
intensive and may not be economically viable for smallholder
farmers (12). Hence, evaluating the agronomic effectiveness and
economic efficiency of simplified delivery modes such as foliar
spraysis critical for large-scale adoption (13). In addition, any farming
technology or input management practice that is to be used on a
large scale must indicate not just environmental sustainability, but
also financial profitability. It is necessary to create the perspective of
an investor and stakeholder into the assessment of the agricultural
innovations to guarantee the further implementation of such
innovations and funding of the horticultural industry (14).

Despite the increasing recognition of iodine’s agronomic
value, there is limited research on its synergistic effects when applied
through different methods in tomato. Therefore, the present
investigation was undertaken to evaluate the impact of different
sources [Potassium iodide (KI) and potassium iodate (KIO,)] and
methods (soil application, foliar spray, seed priming and their
combinations) of iodine application on tomato growth, early vigour,
flowering and yield traits over 2 consecutive years. The study
emphasises not only the biological response but also the ecological
and economic implications, with the goal of identifying farmer-
friendly and sustainable nutrient management strategies for
improved tomato productivity.

Materials and Methods
Experiment details

The experiment consisted of 9 treatments involving 2 iodine sources Kl
and KIO; applied through different methods and concentration as
shown in Table 1. Seed priming was done by soaking tomato seedsin
solution of the respective iodine salt for 12 hr, followed by drying to
original moisture content before sowing. Soil applications were given
at transplanting by broadcasting and foliar sprays were applied twice
at 30 and 45 days after transplanting (DAT). Both Kl and KIO; were of
analytical grade (ACS reagent, = 99.5 % purity; Sigma-Aldrich, USA).
The experiment was laid out in a randomized complete block design
(RCBD) with 3 replications. The sequential stages of the experimental
procedure, from seed sowing to field establishment under iodine
treatments, areillustrated in Fig. 1.

Plant material

The study used the tomato cultivar Punjab Ratta developed by the
Punjab Agricultural University, Ludhiana, India. This cultivar has
determinate growth and dense dark-green foliage, reaches first
harvest about 125 DAT. It produces oval, medium-sized, firm and
deep-red fruits with an average lycopene content of 8 mg 100 g*
fresh weight and is suited for processing. Prior to seed priming the
seed viability was evaluated following the International Seed Testing
Association (ISTA, 2020) protocol. Four replicates of 100 seeds each
were incubated on moistened blotter paperat 25+ 1°C. Seedswith a
radicle length = 2 mm were considered germinated. The mean
germination percentage (94.2 + 1.8 %) showed uniform viability and
vigour.

Table 1. Details of iodine treatments with different sources, doses and application methods in tomato

Treatment Source Dose Method of application
T Control
T, KI lkgacre?! Soil application
Ts KIOs lkgacre! Soil application
Ta Kl 0.1glL? Foliar application
Ts KIOs 0.1glL? Foliar application
Te KI 0.5mglL? Seed priming
Ts KIOs 0.5mglL? Seed priming
Ts To+T4+Te (KI) lkgacre’+0.1gl'+0.5mglL? Soil application + Foliar application + Seed priming
To Ts+Ts+T7 (KIO3) lkgacre’+0.1gl'+0.5mglL? Soil application + Foliar application + Seed priming

Kl is Potassium iodide and KIOs is Potassium iodate.
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Fig. 1. Stepwise overview of tomato growth and sequential field experimentation.
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Observations Recorded
Growth attributes

Plant height (cm): Five plants were chosen at random from each bed
and their heights were measured at 30, 60, 90 and 120 DAT. With the
use of a measuring tape, it was measured in centimetres from the
base of the plant or the soil surface to the highest point. An average
value was calculated for each sub-treatment.

Canopy width (cm?): A representative sample of plants from each
plot was chosen to estimate the canopy width. A measuring tape
was used to determine the width of the canopy from edge-to-edge
perpendicular to the row direction. To account for variability,
measurements were made from many plants and an accuracy
average was computed.

Days to 50 % flowering: To measure days to 50 % flowering (DFF), the
date of sowing was recorded. The plants were monitored daily and
when a plant produced flower on half of its nodes, it was said to be in
its 50 % flowering stage. The data was recorded when the threshold
is reached and calculated the number of days from transplanting.

Number of branches per plant: The number of branches were
recorded by first, counting from the main stem, identifying primary
branches that emerge directly from it. It included only well-
developed branches that show significant growth, excluding minor
shoots. The observations were recorded at the maturity of crop.

Total yield (q ha?): Total yield of tomatoes was measured by
harvesting all mature tomatoes from the sampled plots and
weighing them accurately at each picking in every replication and
further add to get total yield. The sample yield was generalised to the
entire field based on the total cultivated area. The total weight was
converted from kilograms to quintals (1 quintal= 100 kg).

Marketable yield (q ha?): Marketable yield was recorded in quintals,
by first selecting a representative sample plot within the field. Fruits
which were mature, disease-free and undamaged fruits suitable for
sale were selected. The total marketable produce from the sample
plot was selected and converted the weight into quintals.

Benefit: Cost ratio (B:C ratio)

This was calculated to summarise the economic feasibility of any
practice i.e., how much returns were obtained for any rupee spent.
B:C was defined as ratio of net returns to the total cost of cultivation.
It was calculated by using the formula given below:

Net returns (ha?)
B:C=

Total cost of cultivation (ha)

Agronomic efficiency

The agronomic efficiency and partial factor productivity were
calculated as per equations (15) as

Agronomic efficiency =

Yield from application of fertilizer - Yield from control plot

Amount of fertilizer applied
Partial factor productivity =

Yield

Amount of fertilizer applied
Statistical analysis

The data were subjected to analysis of variance (ANOVA) using R
software. Treatment means were compared using least significant
difference (LSD) at 5 % level of significance. Pooled analysis over 2
years was conducted and year-wise data were presented as
supplementary material to support observed trends. Economic
analysis was performed by computing the benefit-cost ratio based
on prevailing market prices and input costs.

Results and Discussion
Plant height at different growth stages

lodine supplementation showed a significant (p < 0.05) influence on
plant height at all observation stages plant height at all observation
stages (Table 2). Among the treatments, T8 (Kl applied via seed
priming + soil + foliar) consistently recorded the highest plant height
throughout the growth period which was statistically at par with T4
(Kifoliar) and T5 (KIO; foliar).

At 30 DAT, T8 achieved a plant height of 30.58 cm, which was
significantly higher than all treatments except T4 (Kl foliar spray) and
T5 (KIO, foliar spray) with values statistically at par. The control (T1)
consistently recorded the lowest height (21.86 cm) indicating the
beneficial effect of iodine on early vegetative growth. At 60 DAT, T4
(KI foliar spray) resulted in the maximum plant height (51.35 cm),
while the control recorded the lowest (47.46 cm) again representing
the advantage of foliar applied iodine during active vegetative
growth. By 90 DAT, the highest plant height was recorded in T8
(81.57 cm) which was significantly higher than all other treatments.
The control (T1) and T2 (Kl soil application) exhibited the lowest
plant height (7258 and 7237 cm) suggesting that sole soil
application was less effective than foliar or combined application

Table 2. Effect of different iodine treatments and application methods on plant height at different intervals

Plant height (cm)

Sl. No. Treatment Method of application

30 DAT 60 DAT 90 DAT 120 DAT
T Control 21.86+1.01° 47.46 £0.217 72.58 +0.86¢ 87.54+1.13¢
T KI Soil application 23.66+0.70% 47.67 £1.45° 72.37+0.57¢ 90.45 +0.98°
Ts KIO; Soil application 24.38+0.99% 48.98+1.70° 73.74 +0.25% 90.93+2.07°
Ta KI Foliar application 29.96+0.70% 51.35+1.96° 76.50 +1.12°¢ 104.20 +1.03%
Ts KIOs Foliar application 30.11+0.50% 50.95 + 1.07° 75.22 2,110 104.18 +2.31%
Te KI Seed priming 25.84+0.75%¢ 48.45+1.622 74.92 +0.93% 88.43 +0.64°
T KIO; Seed priming 25.29+0.64% 47.82+1.63 74.00 + 0.38% 88.22+2.28°
Ts K SP+SA+FA 30.58+1.09° 49.91+2.73% 81.57 +1.352 105.13 +2.56%
To KIOs SP+SA+FA 27.77+1.31P¢ 48.94 +1.352 77.43+1.21° 99.27 +2.39P

LSD (p <0.05) 2.72 4.46 3.18 8.04

CV (%) 3.2 5.26 2.44 3.22

Values are presented as means + SE. Bars labeled with different letters represent significant differences, determined by Duncan's multiple
range test (p < 0.05). DAT: Days after transplanting; SA: Soil application; SP: Seed priming; FA: Foliar application.
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methods. At 120 DAT, T8 again showed highest response with 105.13
cm, statistically at par only with T4 (104.20 cm) and T5 (104.18 cm).
The control (T1) had the minimum plant height at this stage (87.54
cm).

Although year-wise variation existed, the general trend of
treatment performance remained similar, as shown in the
Supplementary Table 1. These findings emphasise that foliar and
combined applications of iodine, particularly through Kl, promoted
robust vegetative growth and plant stature. The enhanced response
under T8 could be attributed to improved nutrient uptake and
translocation, which are known to be more efficient with foliar and
priming interventions (16). The consistent superiority of Kl-based
treatments indicates iodine’s physiological role in enhancing cell
elongation, meristem activity and photosynthetic efficiency (8).
Foliar and combined applications likely facilitated more effective
nutrient absorption and translocation, resulting in greater vegetative
vigour. Similar findings were reported by previous researchers (6, 11).

Canopy width (cm?)

Canopy width differed significantly among iodine treatments (Table
3). The widest canopy was recorded under T8 (Kl via seed priming +
soil + foliar application) at 45.63 cm? which was significantly higher
than T2, T3, T7 and the control (T1). The narrowest canopy was
observed in the control (36.52 cm?). The broader canopy under T8
suggests improved shoot development, likely due to enhanced
nutrient availability and uptake efficiency. This trait is agronomically
desirable, as it improves light interception and biomass
accumulation (17). The increase in canopy spread under iodine
application suggests enhanced shoot development and leaf
expansion, improving light interception and photosynthetic capacity.
Theseresults align with previous studies, that demonstrated improved
canopy architecture following iodine biofortification (9). Despite minor
year-to-year variation (Supplementary Table 2) the trend remained
consistent confirming the benefit of integrated iodine application for
canopy developmentand overall vigour.

Number of branches per plant

Although the differences among treatments were not statistically
significant in iodine treated plants (Table 3). However, T3, T5 and T8
recorded the highest number of branches (12.17), while the lowest
was in the control (7.33). The trend consistent across both years
indicates that iodine particularly when applied in combined or foliar
spray alone may support greater shoot proliferation due to
improved hormonal activity (18). The trend indicates iodine’s role in
stimulating cytokinin-mediated lateral bud activation, promoting
more prolific shoot formation even without large statistical

separation. Similar hormonal responses were noted in previous
studies (19, 11).

Days to 50 % flowering

The time to 50 % flowering varied significantly among treatments
(Table 3). While T8 (Kl via combined application) recorded the
earliest flowering (69.86 days), T4 (KI foliar spray) also resulted in
early flowering and was statistically at par with other. Given the ease
and cost-effectiveness of foliar application, T4 represents a more
practical option for achieving early flowering under field conditions.
This trend was consistent over both years (Supplementary Table 2).
Early flowering is advantageous under stress-prone or short season
conditions, beneficial for improving fruit set and yield stability. The
advancement in flowering under iodine treatments reflects its role in
hormonal regulation (gibberellins and cytokinin) and antioxidant
activation, facilitating earlier reproductive transition (20). Comparable
effects of iodine on accelerated flowering were reported previously (8).
The enhanced phenology under iodine treatments implies that iodine
may act as a bio stimulant, reducing the duration to reproductive
maturity and improving synchronisation of flowering and fruit set traits
(12).

Total and marketable yield (q ha?)

lodine application showed significantly affect (p < 0.05) on both total
and marketable yield in tomato (Table 4). The maximum total yield
was recorded under T8 (Kl via seed priming + soil +foliar) with 568.79
q ha?, followed closely by T9 (KIO; combined), T4 (KI foliar) and T5
(KIO; foliar). These treatments were statistically at par with other.
The lowest yield was recorded in the control (T1) at 527.71 g ha™. The
year-wise data as shown in Fig. 2 supported the consistency of this
trend. A similar pattern was observed for marketable yield. T8 again
recorded the highest marketable yield (479.25 q ha), followed by
T9, T4, T5, T6 and T7 all of which were statistically at par with other.
Data regarding 2 consecutive years was shown in Supplementary
Table 3. The significant increase in both total yield under foliar and
combined iodine applications may result from a cumulative effect of
enhanced source-sink balance, improved fruit set percentage and
greater assimilate partitioning toward reproductive organs (21, 22).
lodine likely supports efficient vascular transport, sugar
accumulation and hormonal signalling. These all factors are crucial
for fruit development and seed filling (23).

Benefit-cost ratio

Economic analysis showed a significant improvement in profitability
under iodine treatments (Table 4). The T4 (Kl foliar application) had
the highest B:C ratio (2.80), followed by T5 (KIO; foliar) at 2.78, both of

Table 3. Influence of iodine treatments and application methods on canopy architecture and phenological traits in tomato

Sl.No. Treatment Method of application Canopy width (cm?) Number of branches plant* Days to 50% flowering
T Control 36.52+0.89¢ 7.33+0.44° 80.14 +1.33?
T K Soil application 39.78+0.70% 10.50 +1.15%° 75.70 £ 1.56°
Ts KIO; Soil application 39.96+0.62° 12.17 +1.422 75.54 + 1.44%°
Ts KI Foliar application 45.31+3.91%° 11.50 +0.292 70.43 +0.72<¢
Ts KIO; Foliar application 44.84+0.41%¢ 12.17+0.732 70.80 + 2.24<¢
Ts K Seed priming 40.52+1,542b<d 11.00 +0.762 74.43 +1.75°
T KIO; Seed priming 40.16+1.88>° 11.00 £0.767 75.05 + 1.35°
Ts K SP+SA+FA 45.63+1.93? 12.17+1.42° 69.86 + 1.90¢
To KIO; SP+SA+FA 42.61£3.19%¢ 11.17+1.59% 73.03 +0.90°

LSD (p < 0.05) 5.44 3.16 4,67
CV (%) 6.18 11.92 3.65

Values are presented as means + SE. Bars labelled with different letters represent significant differences, determined by Duncan's multiple
range test (p < 0.05). SA: Soil application; SP: Seed priming; FA: Foliar application.
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Fig. 2. Effect of different treatments on total yield of tomato across 2 growing seasons.

which outperformed the combined application (T8) in terms of
economic return. The control (T1) had the lowest B:C ratio of 2.44 as
represented in Table 4. Although combined applications (e.g,, T8)
provided the maximum agronomic response, they involve multiple
input stages seed priming, soil incorporation and foliar spraying
which may not be feasible for many farmers due to labour intensity
and input costs. In contrast, foliar application alone emerged as the
most practical and cost-effective strategy, offering a strong balance
between yield gain and profitability (24). Furthermore, new
computational technologies including digital twin simulations
currently provide the opportunity to model a plant production system
inavirtual environment and predict its techno-economic effectiveness
and sustainability over the long term in different situations (25, 26).

Agronomic efficiency

Both agronomic efficiency (AE) and partial factor productivity (PFP)
varied widely across treatments (Table 4). The data shown in Table 4
clearly indicate that foliar applications of KI (T4) and KIO; (T5) were

the most efficient and practical treatments showing high agronomic
efficiency of 500.32 and 477.28 kg fruit ha™ g* fertiliser, respectively.
These treatments also confirmed superior partial factor productivity
(PFP) emphasising the maximum yield obtained per unit of fertiliser
applied due to the minimal input required in foliar spray and efficient
nutrient uptake through leaves. Although, seed priming T6 and T7
recorded exceptionally high AE and PFP values. These are attributed to
the extremely smalll fertiliser doses used and may not be practically
scalable or reliable for direct field-level recommendations. Combined
treatments of iodine T8 and T9 showed improved yield but
moderately lower efficiency when compared to foliar application
alone, due to higher total input requirement. Therefore, considering
ease of application, economic viability and farmer acceptability foliar
application alone appears as the most effective strategy (19).
Therefore, foliar application provided a statistically superior and
practically efficient nutrient-use response consistent with earlier
reports (27).

Table 4. Effect of iodine treatments on yield performance and economic return in tomato

Sl. No. Treatment Method of application Totalyield (qgha?)

Marketable yield

Partial factor
productivity (kg fruit B:C ratio

Agronomic efficiency
(kg fruitha'g?

(gha?) fertiliser) g fertiliser applied)
T Control 527.71#2.55¢ 435,05+2.24¢ - - 2.44
T Kl Soil application 525.0042.23¢ 456.52+1.86¢ 0.12 21.41 2.45
Ts KIOs Soil application 533.46+7.07% 461.43+6.15% 0.56 21.58 2.52
Ts Kl Foliar application 558.98+6.68%° 475.12+5.70% 500.32 89.43 2.8
Ts KIOs Foliar application 557.5346.75%¢ 473.9045.74% 477.28 87.20 2.78
Ts KI Seed priming 547.05+5.11°¢ 470.64+4.24%°¢ 8909.52 5.11x 10° 2.55
T KIOs Seed priming 540.13+9.43%€ 469.98+8.16%¢ 1386.17 3.03x 10° 2.48
Ts Kl SP+SA+FA 568.79+3.51° 479.25+3.08? 4.08 22.96 2.75
To KIOs SP+SA+FA 564.54+3.14%° 477.09+2.59° 3.66 22.97 2.71
LSD (p <0.05) 17.83 15.29
CV (%) 4.59 4.29

Values are presented as means + SE. Bars labelled with different letters represent significant differences, determined by Duncan's multiple
range test (p < 0.05). SA: Soil application; SP: Seed priming; FA: Foliar application.
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Correlation matrix

The correlation analysis revealed strong positive relationships
among plant height recorded at different days after transplanting
(30, 60, 90 and 120 DAT) indicating consistent vegetative growth
trends. Plant height showed significant positive correlations with
total yield and marketable yield showed in Fig. 3. Further suggesting
that plants with more height generally resulted in better yield
performance. Canopy width also exhibited a moderate to strong
positive association with yield components, whereas DFF showed a
significant negative correlation with most parameters. It implying
that early flowering contributed positively to yield aspects. Effect of
different treatments on various traits is also depicted through colour
gradientin heat map (Fig. 4).

Principal component analysis

The principal component analysis (PCA) results further supported
these findings, where the scree plot showed that the first 2 principal
components accounted for over 98 % of the total variation, with PC1
alone explaining 91.4 %. The biplot clearly grouped traits like plant
height, canopy width, total yield and marketable yield along PC1,
confirming their major contribution to the observed variability
among treatments as shown in Fig. 5. In contrast, DFF and number of
branches per plant (NBPP) aligned negatively along PC2 and PC1,
respectively, indicating contrasting effects. This multivariate
approach effectively distinguished the most influential traits
contributing to yield enhancement under the studied treatments.

Practicalimplications

The results emphasise the role of iodine as a low-dose, high-impact
input that can enhance crop performance without placing
additional stress on soil health or requiring excessive fertiliser use.
Foliar application aligns with sustainable intensification principles
contributing precision nutrient distribution, minimal runoff loss and
cost-efficiency (27). Given the labour and input burden associated
with combined application methods [Seed priming (SP)+ Soil
application (SA)+ Foliar application (FA)], promoting foliar spray of Kl

emerges as a practical suggestion for wider on-farm adoption. It
balances biological efficacy with operational simplicity, making it
highly suitable for resource-limited and smallholder contexts. In line
with current advances in sustainable nutrient management new
technologies in crop production include coir pith-produced silica
nanoparticle-based nutrient delivery system synthesised through
the acidic sol-gel technique and biochar-mediated regulation of the
denitrifies activity and thus minimising N,O emissions are redefining
the efficiency and economic sustainability of fertiliser in agriculture
(28). Recent technology operating under different economies of
farming, now predictive evaluation on the techno-economic and
sustainability performance of such nutrient management
innovations is achievable by emerging artificial intelligence (Al) and
digital twin systems (29, 30).

Conclusion

This research confirms the central hypothesis that iodine, though
not conventionally essential, is used as a bio-stimulant which
increases physiological performance, yield and the efficiency of
nutrient use in tomato. The findings collectively indicate that highest
performance observed under combined application of Kl through
seed priming, soil and foliar spray (T8). However, the foliar
application of Kl alone (T4) produced comparable agronomic
benefits and achieved the highest benefit-cost ratio, making it a
more practical and economically viable strategy for tomato growers.
Under the specific agro-climatic and management conditions of this
study, foliar spraying of potassium iodide (KI) at 01 g L*
concentration can be considered as a promising and sustainable
approach to enhance early vigour, flowering efficiency and yield in
tomato under field conditions while, ensuring better resource-use
efficiency and supporting ecological intensification. Nonetheless,
multi-season and multi-location trials are recommended to validate
these findings across diverse environments and to assess the long-
term agronomic and environmental implications of iodine
supplementation in vegetable production systems.
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Fig. 5. Principal component analysis of growth and yield attributes in tomato: Scree plot and biplot.
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