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Introduction
Fennel (Foeniculum vulgare Mill.) is a herbaceous perennial plant belonging to the Apiaceae family and is
native to the Mediterranean region and southern Europe. Drought stress induces a wide range of plant
responses, ranging from changes in cellular metabolism to reductions in growth rate and crop yield. Humic
acid is a natural organic polymeric compound that improves soil physical properties and aggregation, thereby
increasing the available space for water infiltration. In addition, humic acid molecules interact with water
molecules present in the soil, considerably enhancing the soil’s water-holding capacity.

Materials and Methods
The present study was conducted as a split-plot experiment based on a randomized complete blocks design
(RCBD) with three replications at the Research Farm of the Faculty of Agriculture, University of Zanjan, in
2018 (1397). The experimental treatments consisted of three irrigation levels as the main factor, including 100%
(control), 85%, and 75% of field capacity (FC), and three levels of humic acid as the subplot factor, including 0
(control), 1, and 1.5 kg ha™'. The experiment comprised a total of 27 experimental units, with 16 plants in each
experimental unit.

Results and Discussion

The results showed that increasing water-deficit severity reduced fennel yield, whereas increasing the amount
of humic acid increased this trait. The reduction in fennel yield under water-deficit conditions was probably
associated with reduced stomatal conductance, restricted photosynthesis, decreased nutrient uptake, and
consequently reduced production and translocation of photo-assimilates. In contrast, humic acid application
enhanced plant yield by promoting root growth, improving water and nutrient uptake, and maintaining
photosynthetic activity. Water-use efficiency was significantly affected by the interaction between water stress
and humic acid treatments. The highest value of this trait was recorded in plants irrigated at 85% FC and treated
with the highest level of humic acid (0.62 g m~). Humic acid application improved water use efficiency in sweet
fennel, which was probably attributable to enhanced root development, improved water and nutrient uptake, and
the maintenance of photosynthetic activity under limited water conditions. In contrast, increasing water-deficit
severity affected water use efficiency by reducing plant growth and disrupting physiological processes. Bio-
stimulants such as humic acid can enhance plants’ ability to maintain biomass production under water-deficit
conditions by improving water uptake and water use efficiency. Several studies have reported increased water
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use efficiency in horticultural crops following the application of bio-stimulants. The antioxidant capacity of
fennel plants reached 93.12% under 75% FC combined with 1.5 kg ha™ humic acid, whereas control plants
showed a significant reduction in this trait. Proline content reached its highest level (2.04 mg g™) with increasing
water-stress severity and humic acid application. Previous studies on basil have shown that the application of
humic substances increases proline content and antioxidant capacity and improves plant tolerance to water
deficit. In addition, a study on lettuce demonstrated that humic bio-stimulants enhanced antioxidant activity and
reduced membrane damage, thereby helping maintain plant growth under drought stress conditions.

Conclusions

The results of the present study demonstrated that humic acid application significantly enhanced the
tolerance of fennel plants to water-deficit stress. This treatment reduced the damage caused to the cellular
membrane structure and significantly decreased electrolyte leakage in plant cells under water-deficit
conditions by enhancing antioxidant capacity, increasing the content of non-enzymatic antioxidants, and
preventing the degradation of photosynthetic pigments. Ultimately, humic acid application can contribute to
maintaining fennel yield and improving physiological responses under water-deficit conditions. Based on the
obtained results, application of humic acid at a rate of 1.5 kg ha™! can be recommended as an effective and
promising strategy for fennel cultivation in water-limited areas to maintain the quantity and quality of the
harvested crop.

Keywords: Antioxidant capacity, Foeniculum vulgare, Humic substances, Water use efficiency,
Yield
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Table 1. Analysis of variance relating to effect of water-deficit stress and humic acid treatment levels on yield and growth-related
indices of fennel

Mean of square
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Fig. 1. Mean comparing of water-deficit (a) and humic acid treatment (b) main effects on yield of fennel. Data are presented as mean +
standard error (SE) (n = 3). Different letters in each column show significant difference at the 5% probability level based on Duncan’s
multiple range test.
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Table 2. Mean comparison of Main effects of water-deficit stress and humic acid treatment on pseudobulb length, and leaf length, fresh
weight and dry weight of fennel

Treatments

Pseudobulb length (mm) Leaf length (cm) Leaf fresh weight (g) Leaf dry weight (g)

Irrigation levels (%FC)

100 100.52? 43.56° 146.77° 24.37°
85 84.342° 41.25° 95.80° 15.95°
75 77.194° 38.04° 53.41° 14.37°
Humic acid levels (kg h™%)
0 87.439° 38.91° 103.93° 16.42°
1 83.024¢ 43.20° 108.27° 17.43°
15 91.533? 40.74° 113.77 20.08°
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Different letters in each column show significant difference at the 5% probability level based on Duncan’s multiple range test.
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Fig. 2. Mean comparing of water-deficit and humic acid treatment interaction on pseudobulb diameter (a) and weight (b) of fennel. Data are
presented as mean * standard error (SE) (n = 3). Different letters in each column show significant difference at the 5% probability level
based on Duncan’s multiple range test.
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Fig. 3. Mean comparing of water-deficit and humic acid treatment interaction on water use efficiency of fennel. Data are presented as mean +
standard error (SE) (n = 3). Different letters in each column show significant difference at the 5% probability level based on Duncan’s
multiple range test.
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Table 3. Analysis of variance relating to effect of water-deficit stress and humic acid treatment levels on physiological and biochemical
traits of fennel

Mean of square

Source of variation of Chlorophyll Carotenoid Vitamin C RVE\!/I;tte:\r/e E:igﬁ:&ite
content
Irrigation 2 0.6792™ 0.0279™ 110.973™ 14.178" 286.969"
Replication 2 0.0002"™ 0.0011™ 3.535™ 11.683"™ 6.739"™
Main plot error 4 0.0005 0.0024 1.596 0.502 1.538
Humic acid 2 0.0451™ 0.0049" 44.252" 47.978" 809.359"
IxH 4 0.0014" 0.0011™ 1.083™ 2.395"™ 15.752"
Subplot error 12 0.0004 0.0005 1.216 2.668 4.729
CV (%) 1.64 8.94 3.58 2.39 2.88
1ol jul NS g duo 0 O Jloso! b jo Hlobize 1 oy ) Jloda| grbaws 5o lobo s
**: significant at 1% probability level, *: significant at 5% probability level and ns: non-significant
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Fig. 4. Mean comparing of water-deficit and humic acid treatment interaction on electrolyte leakage (a) and chlorophyll content (b) of fennel.
Data are presented as mean + standard error (SE) (n = 3). Different letters in each column show significant difference at the 5% probability
level based on Duncan’s multiple range test.
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Table 4. Mean comparison of main effects of water-deficit stress and humic acid treatment on carotenoid, vitamin C and relative water
content of fennel

Treatments Carotenoid (mg g-1)

Vitamin C (mg 100 mi-1)

Relative water content (%)

Irrigation levels (%FC)

100 0.29b 34.44a 67.37b
85 0.31a 30.28b 69.63a
75 0.20b 27.46¢ 67.56b
Humic acid levels (kg h-1)
0 0.294a 1.4c 65.94c
1 0.273a 1.8a 68.08b
1.5 0.248b 1.6b 70.55a

! (551 Glasolonie (90T (bl 31 owo 30 & Jloso! gbam 43 slolioe BB ousds L (ygimw 32 30 gl Bg,>

Different letters in each column show significant difference at the 5% probability level based on Duncan’s multiple range test.
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Table 5. Analysis of variance relating to effect of water-deficit stress and humic acid treatment levels on physiological and biochemical
traits of fennel

Mean of square

Source of variation df - - _ " ;
Radical scavenging activity Flavonoid Phenol Proline
Irrigation 2 92.901™ 1080.337" 469.06 0.103™
Replication 2 0.003"™ 11.64"™ 0.287"™ 0.007"
Main plot error 4 0.042 42.471 2.231 0.001
Humic acid 2 0.163™ 1391.004™ 16.675" 0.183™
IxH 4 1.771" 29.128"™ 6.912" 0.011™
Subplot error 12 0.009 30.751 0.708 0.001
CV (%) 0.10 8.66 1.90 2.41
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**: significant at 1% probability level, *: significant at 5% probability level and ns: non-significant
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Fig. 5. Mean comparing of water-deficit (a) and humic acid treatment (b) main effects on flavonoid, and interaction effect of factors on total
phenol (c), radical scavenging activity (d) and proline content (e) of fennel. Data are presented as mean + standard error (SE) (n = 3).
Different letters in each column show significant difference at the 5% probability level based on Duncan’s multiple range test.
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