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Abstract: Light intensity significantly influences plant growth in hydroponic green fodder systems,
yet research exploring the growth dynamics and nutrient accumulation in hydroponically grown
barley under various light conditions has been limited. This study investigated the impact of different
light intensities—0, 100, 200, and 300 µmol/m2/s—on the nutritional composition and quality of
hydroponic barley fodder. Assessments were made on biomass production, physiological responses
including photosynthetic parameters, and nutritional components such as essential amino acids five
days post-treatment. The findings indicated that increasing light intensity boosted photosynthetic
activity, expanded leaf area, enhanced root length, and promoted biomass accumulation. However,
the highest intensity tested, 300 µmol/m2/s, led to significant chlorophyll degradation, increased
water loss, and induced oxidative stress, adversely affecting fodder quality and reducing essential
amino acids. In contrast, an intensity of 200 µmol/m2/s was identified as optimal for promoting
robust barley growth through principal component analysis. This optimal setting supported vigorous
growth and ensured the production of nutrient-rich, high-quality fodder, providing a basis for scaling
up production efficiently. This research offers crucial insights into optimizing light conditions to
maximize both the yield and nutritional quality of hydroponically grown barley fodder, presenting a
significant step forward in enhancing hydroponic farming practices.
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1. Introduction

The productivity of animal husbandry may face challenges due to the progressive
decline in grassland areas and the degradation of pastures [1,2]. Additionally, during
the cold season, securing a supply of high-quality forage presents significant challenges,
underscoring the critical need to address the scarcity of forage [3]. Hydroponic green fodder
production plays a crucial role in animal nutrition, particularly during seasonal periods
when natural feed resources are scarce [4]. Hydroponic green fodder production also
offers the advantage of producing high-quality green feed within an average of 5–8 days,
ensuring rapid access to nutritious fodder [5].

Barley (Hordeum vulgare L.), a vital fodder crop, is characterized by its rapid growth
with high protein levels, a rich amino acid profile, and an abundance of minerals, vitamins,
and metabolic enzymes, while its tender stems and leaves provide a fragrant aroma,
exceptional palatability, and easy digestion [6]. During the cold season, when traditional
animal feed sources are scarce, hydroponically grown fodder barley provides a reliable,
rapid, and nutrient-dense feeding alternative that sustains livestock nutrition without
the limitations of conventional agriculture [4]. Hence, advances and enhancements in
hydroponically sprouted barley technology are critical for maintaining the continuous
production of green fodder and high-quality forage [7].
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The nutritional composition of plant feed varies with environmental conditions, where
light functions as the energy source for photosynthesis in plants and significantly influ-
ences both plant morphogenesis and nutrient accumulation [8]. Therefore, the effective
management or controlled application of light presents a viable method to increase the
accumulation of health-promoting compounds in sprouts [8]. The advent and utilization
of LED lighting have revolutionized artificial cultivation conditions, allowing for the cus-
tomization of light spectral quality, intensity, and photoperiodism [9,10]. However, the
influence of LED lighting on plant growth and quality characteristics differs according to
the plant species and the conditions under which they are cultivated [11]. Consequently,
determining optimal lighting formulas is essential for achieving efficient hydroponic fodder
production [11]. Light intensity is a critical factor for optimal plant growth, with the level
of light intensity playing a crucial role in determining photosynthetic efficiency, cellular de-
velopment, and metabolic processes essential for plant health and productivity [12–14]. For
instance, it has been shown that reduced light intensity adversely affects agronomic traits
such as stem and leaf development, as well as the dry and fresh weight of plants [14–16].
Insufficient levels of light intensity result in a significant decrease in vitamin C, a reduction
in soluble sugars like sucrose and fructose in leaves, and an impaired production of major
biomolecules such as amino acids and phytohormones essential for plant growth [13,17,18].
Furthermore, inappropriate levels of light intensity can elevate the levels of reactive oxygen
species, including hydrogen peroxide, thereby disrupting the photosynthetic metabolism of
plants [19]. Optimal levels of light intensity, on the other hand, enhance the development of
plant growth and positively influence the regulation of plant photosynthesis, the dynamics
of nutrient absorption and distribution, and the overall quality of the plant [20].

The cultivation of hydroponic barley differs from traditional hydroponic systems,
such as the deep flow technique, where plant roots are obscured from light exposure [21].
Contrary to traditional methods, hydroponic barley cultivation leverages a shallow liquid
film technique that facilitates the spreading of roots across the tray, intertwining to form a
dense grass mat, with roots, stems, and leaves concurrently exposed to light throughout the
process. When harvesting hydroponic barley, the grass blanket created by the intertwined
root system is directly rolled up, with the roots themselves serving as a crucial component
of the forage. Nonetheless, there has been no research on the dynamics of root growth and
nutrient accumulation under varied lighting conditions, underscoring the importance of
studying how different light intensities affect the nutritional composition of barley fodder.
Hence, the aim of this research was to investigate the effects of light intensity on the growth
and nutritional quality of hydroponic barley fodder, providing technical references for
its development and utilization. The findings of this research will assist in identifying
and implementing optimal light conditions to establish a high-quality fodder production
system and facilitate the mass production of nutrient-rich hydroponic barley.

2. Materials and Methods
2.1. The Design of the Controllable Environmental Cultivation System with Different
Light Conditions

The experiment utilized a fully controllable environmental cultivation system (Figure 1),
which was designed according to previous research on hydroponic fodder barley produc-
tion [22]. Briefly, during the cultivation period, the LED lighting maintained a light quality
ratio of red to blue light (R/B) at 4:1. Temperature settings were consistently held at 25 ◦C
during light periods and 22 ◦C during dark periods, accompanied by a relative humidity
of 75 ± 10% and a CO2 concentration of 450 ± 50 µmol/mol. Irrigation through sprinklers
was scheduled for 15 s every four hours, with the photoperiod consisting of 10 h/6 h
light/dark cycles. Previous research has shown that water without added nutrients can
support the hydroponic growth of fodder for a period of seven days [23]. The experimental
design included four treatments with varied light intensities at 0 µmol/m2/s (L0, control
treatment), 100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3). Light
intensity levels were recorded using an LI-1500 irradiance meter (LI-COR, Lincoln, NE,
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USA), positioned 5 cm above the hydroponic trays. The experiment was conducted in
three replicates and concluded on the fifth day.
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Figure 1. (A) An overview of the artificial climate chamber used to conduct the experiments.
(B) An overview of the grass blanket created by the intertwined barley root system. (C–E) Fod-
der barley grown hydroponically under 0, 100, and 300 µmol/m2/s, respectively. (F) Barley
seedlings were grown under different light intensities (L0, control treatment), 100 µmol/m2/s (L1),
200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) at the fifth day after treatment.

2.2. The Seed Germination

Barley seeds (cv. Ganpi No. 8), weighing 2.5 kg/m2, were thoroughly cleaned and
placed in basins, where they were soaked for 6–8 h in warm water (40–45 ◦C). Post-soaking,
the seeds were transferred to plastic buckets and covered with a damp cloth, with water
sprayed every 8 h to maintain moisture. The seeds were kept at a room temperature of
20–28 ◦C and shielded from light to promote germination until white sprouts appeared after
24 h. At 48 h after germination, germinated seeds were evenly distributed in individual
trays, each measuring 1420 cm2 (43 cm × 33 cm) and containing approximately 0.35 kg of
germinated seeds. The trays were maintained within a fully controllable environmental
incubator described above.

2.3. Measurement of Biomass and Nutritional Quality

On the fifth day of light cultivation (seven days after seed germination), hydroponic
barley fodder was harvested to evaluate its biomass and nutritional quality. The assessment
was made on the fifth day because previous research has suggested that the levels of
antioxidant enzymes are at the highest up to seven days after germination [24]. Growth
morphology was assessed by randomly selecting 45 barley plants from each treatment to
measure seedling height and root length with a ruler. The selected barley plants were then
precisely cut at the root/stem junction, and the leaf area was quantified using a leaf area
meter (CID, CI-202, Camas, WA, USA). Subsequently, the fresh weight of the stems, leaves,
and roots of each sample was measured using an electronic scale. The samples were then
oven-dried at 80 ◦C until a constant weight was achieved, and the dry weights of the stem,
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leaf, and root components were individually assessed to calculate the biomass of plants
over a period of five days.

A 10 cm × 10 cm sample in each tray was used to evaluate the nutritional quality of
plant tissues. The analyses of ether extract (EE), crude ash (CA), crude fiber (CF), crude
protein (CP), neutral detergent fiber (NDF), and acidic detergent fiber (ADF) were per-
formed in accordance with standardized methodologies outlined in GB/T 6433-2006 [25],
GB/T 6434-2006 [26], and GB/T 20806-2006 [27], respectively. Additionally, the quantifi-
cation of 17 amino acids was carried out following the method outlined in the national
standard method GB/T 18246-2019 [28]. However, the acid hydrolysis process used in the
experiment led to the degradation of tryptophan, rendering it undetectable. The amino
acids assessed included seven essential amino acids (EAAs)—threonine, valine, lysine,
isoleucine, leucine, phenylalanine, and methionine—and ten non-essential amino acids
(NEAAs)—aspartic acid, serine, glutamic acid, glycine, alanine, cysteine, tyrosine, histidine,
arginine, and proline. All assays were conducted in triplicate to measure the nutritional
compositions in the stems, leaves, and roots of the fodder barley.

The contents of delicate amino acids (DAAs), sweet amino acids (SAAs), aromatic
amino acids (AAAs), and pharmacodynamic amino acids (PAAs) were determined using
the classification method described previously [29]. Delicate amino acids comprise glutamic
acid, aspartic acid, glycine, arginine, and alanine. Sweet amino acids consist of threonine,
serine, glycine, alanine, histidine, and proline. Aromatic amino acids are represented by
tyrosine and phenylalanine. Pharmacodynamic amino acids include cystine, isoleucine,
leucine, tyrosine, phenylalanine, lysine, and arginine. The content of each category was
calculated as the sum of its constituent amino acids.

The activity of antioxidant enzymes, superoxide dismutase (SOD) and peroxidase
(POD), and the contents of vitamins C and E were measured using commercial kits (Suzhou
Grace Bio Technology Ltd., Co., Suzhou, China) and following the instructions outlined by
the manufacturer.

2.4. Photosynthetic Characteristics

The photosynthetic characteristics of barley leaves were assessed using a portable
photosynthesizer (CIRAS-3, PP System, Amesbury, MA, USA). For each treatment, three
samples were analyzed. The measurements recorded included the net photosynthetic
rate (A), intercellular CO2 concentration (Ci), stomatal conductance (Gs), transpiration rate
(E), and water use efficiency (WUE). For the chlorophyll SPAD analysis, ten leaves per
treatment were selected. The chlorophyll SPAD readings were consistently taken at the
same part of the leaves (i.e., 1 cm from the leaf tip), using a chlorophyll meter (SPAD-502
Plus, Konica Minolta, Tokyo, Japan).

2.5. Statistical Analysis

All experiments were performed in a completely randomized design with three repli-
cates. The assumptions of analysis of variance (ANOVA), homogeneity of variance, and
normality were assessed using Levene’s and Shapiro–Wilk tests, respectively. IBM SPSS
Statistics 20 (IBM Corporation, Armonk, NY, USA) was used to perform one-way ANOVA,
and the means were compared using Duncan’s new multiple range test at 5% probability.
OriginPro 2022 (OriginLab, Northampton, MA, USA) was used to generate figures and
perform principal component analyses (PCA).

3. Results
3.1. The Effects of Different Light Intensities on the Growth of Hydroponic Barley Fodder

The impact of varying light intensities on the growth of hydroponic barley fodder
was observed (Figure 2). The results showed that as light intensity increased, leaf length,
width, leaf area, and perimeter gradually increased, with L2 and L3 treatments showing a
significantly larger leaf area compared to the L1 and L0 treatments. These results imply
that light intensities of 200 and 300 µmol/m2/s effectively promoted leaf growth in the
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treated plants. In the L3 treatment, the length/width ratio was the highest, significantly
differing from the L0 treatment but not from L1 and L2, while the shape factor was the
lowest in all light treatments, indicating that the leaves were comparatively narrow and
elongated in seedlings grown under the light. The L2 treatment resulted in the tallest plants,
significantly exceeding the growth of other treatments and achieving a height 17.5% greater
than the control. The root length in the L3 treatment was the longest, measuring 16.3%
greater than the control. There was no significant difference in root length between the
L1 and L2 treatments and the control. These findings demonstrate that increasing light
intensity corresponds to an increase in leaf area, with root growth further promoted when
light intensity reaches 300 µmol/m2/s.
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Figure 2. The growth index of hydroponic barley in the 0 µmol/m2/s (L0, control treatment),
100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) treatments. The bars within
each growth component sharing a similar letter are not significantly different at a 5% level of
probability, according to Duncan’s new multiple range test.

According to the results, under high-light intensity conditions of 300 µmol/m2/s (L3),
different parts of hydroponic barley plants exhibited rapid increases in their dry biomasses
(Figure 3), suggesting that the highest light intensity tested here enhanced the accumulation
of biomass in plants more effectively compared to other treatments. Nevertheless, the plants
in the L3 treatment exhibited the lowest fresh weight compared to the other treatments,
presumably as a result of the promotion of water loss by high light intensity as indicated
by the water content parameter. According to the results, with increasing light intensity,
the water content in the L3 treatment notably decreased, dropping by 8.9% compared to
the control. Significant differences were observed in the dry weight of stems and leaves
between treatment L3 and the other treatments. In addition, the dry weight of roots
exhibited a notable increase in treatment L3. The total dry weight and biomass growth rate
peaked in the L3 treatment, surpassing those of the control by 49.7% and 50.0%, respectively.
These results indicate that the L3 treatment outperformed other treatments in the growth
rate of dry biomass, emphasizing its effectiveness in enhancing rapid biomass accumulation
as indicated by the growth rate of the dry biomass parameter.
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100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) treatments. The bars within each
growth component sharing a similar letter are not significantly different at a 5% level of probability,
according to Duncan’s new multiple range test.

3.2. Comparison of Photosynthetic Parameters in Leaves of Hydroponic Barley Fodder under
Different Light Intensities

The photosynthetic parameters of each treatment exhibited variation across different
light intensities (Figure 4). In the presence of light, the photosynthetic rate of barley leaves
increased gradually from 0.8 µmol/m2/s to 1.33 µmol/m2/s with rising light intensity
(Figure 4A). Compared to the control, the photosynthetic rate increased by 715.0% in the
low-light intensity treatment L1 and by 1123% in the high-light intensity treatment L3, with
significant differences among the treatments. The intercellular CO2 concentration varied
significantly among treatments as a result of varying levels of light intensities (Figure 4B).
In darkness, the leaves exhibited the highest intercellular CO2 concentration, reaching
521.6 ppm. Among the light treatments, the lowest intercellular CO2 concentration was
recorded for the L2 treatment, measuring 28.2% to 30.2% less than that observed under the
L1 and L3 treatments, respectively.

The L3 treatment exhibited the highest transpiration rate at 0.5 mmol/m2/s, signif-
icantly surpassing other treatments (Figure 4C). In the absence of light (L0), barley leaf
transpiration was 0.4 mmol/m2/s, ranking the second highest. Transpiration rates showed
no significant difference between the L1 and L2 treatments, but they were significantly
lower than the L3 and L0 treatments. In the L0 treatment, the stomatal conductance of
barley leaves peaked at 10.33 mmol/m2/s, markedly surpassing that of the light treatments.
Nonetheless, as light intensity increased, barley leaf stomatal conductance rose gradually,
but it consistently remained 12.9% to 41.9% lower in the light treatments compared to the
L0 treatment, with notable differences recorded among all light treatments (Figure 4D).
The L2 treatment exhibited the highest water use efficiency, significantly surpassing that of
other treatments, whereas L0 showed a markedly lower water use efficiency compared to
other treatments (Figure 4E). Taken together, these findings suggest that when light inten-
sity reached 300 µmol/m2/s, the photosynthetic and transpiration rates of barley leaves
increased, alongside an increase in stomatal conductance, while leaf water use efficiency
decreased. Under low- or no-light conditions, the photosynthetic rate of barley leaves was
lower, with inconsistent changes observed in intercellular CO2 concentration, transpiration
rate, and stomatal conductance, implying that variations in the photosynthetic rate result
from the combined effects of various parameters.
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Figure 4. The photosynthetic parameter of barley in the 0 µmol/m2/s (L0, control treatment),
100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) treatments. (A) A: net photosyn-
thesis rate. (B) Ci: intercellular CO2. (C) E: evaporation. (D) Gs: stomatal conductance. (E) WUE: water
use efficiency. (F) SPAD: relative chlorophyll content. The bars within each figure sharing a similar letter
are not significantly different at a 5% level of probability, according to Duncan’s new multiple range test.

In the L2 treatment, the SPAD value for chlorophyll content peaked at 34.9, followed
by L1 and L3 treatments at 30.4 and 28.3, respectively. The lowest SPAD value was recorded
in the L0 treatment at 0.6, with leaves appearing yellow (Figure 4F). These findings suggest
that under our experimental conditions, light intensity affects the chlorophyll content of
barley leaves. A SPAD value of over 30 can be achieved with appropriate light intensity,
but it decreases under very high or very low light intensities.

3.3. Feeding Quality of Stems and Leaves of Hydroponic Barley Fodder under Different
Light Intensities

To investigate the impact of varying light intensities on the nutritional quality of
hydroponic barley fodder, we assessed several key nutritional parameters in the stems
and leaves (Figure 5). Our findings indicated that the content of EE, CA, CF, and CP
in the barley increased significantly by 43.5–48.0%, 3.7–9.0%, 14–27.3%, and 5.4–8.37%,
respectively, across treatments L1, L2, and L3 when compared to the control group. Notably,
the L2 treatment demonstrated markedly higher levels of EE, CA, and CP relative to the
other light treatments. In terms of fiber components, which are indicative of feed intake and
digestibility by herbivorous livestock, the NDF content was significantly elevated in the L2
treatment. In contrast, the ADF content was substantially reduced in the L2 treatment to
18.8%, which was significantly lower (by approximately 3.7–8.2%) than the levels observed
in the L1 and L3 treatments. The findings underscore the advantageous effect of light on
nutrient synthesis within the stems and leaves of hydroponic barley. Specifically, exposure
to a light intensity of 200 µmol/m2·s maximizes the accumulation of EE, CA, and CP in the
barley’s stems and leaves. Additionally, at this level of light intensity, a higher content of
digestible fiber was recorded.
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Figure 5. The effect of different levels of light intensity on ether extract (EE), crude ash (CA), crude
fiber (CF), crude protein (CP), neutral detergent fiber (NDF), and acidic detergent fiber (ADF) in stems
and leaves in the 0 µmol/m2/s (L0, control treatment), 100 µmol/m2/s (L1), 200 µmol/m2/s (L2),
and 300 µmol/m2/s (L3) treatments. The bars within each nutrient component sharing a similar
letter are not significantly different at a 5% level of probability, according to Duncan’s new multiple
range test.

3.4. Feeding Quality of Barley Fodder Roots under Different Light Intensities

The nutritional quality of the root system across different treatments is illustrated in
Figure 6. The results showed that the EE content in the L1 and L3 treatments was 23.0%
and 22.2%, respectively, marking significant increases of 28.2% and 23.5% compared to the
control. No significant differences were noted in the CA content among the light treatments
(L1, L2, L3), with values ranging from 2.8% to 2.8%, reflecting a modest elevation of 6.5%
compared to the control. As the light intensity increased, there was a gradual increase in
the CF content within the barley root system, peaking at 13.6% in the L3 treatment—an
approximate 19% rise relative to the control. The CP content was considerably lower
in the L3 treatment, and it was significantly different from that recorded for the other
treatments. The NDF content varied slightly between 32.9% and 34.2% across all three light
treatments, showing no statistically significant differences among them but demonstrating
an overall increase of 15.9–20.4% compared to the control. Notably, the ADF content in the
L3 treatment was significantly higher than in other treatments. These findings underscore
the beneficial role of light in enhancing nutrient accumulation within the root system of
hydroponic barley.

3.5. Analysis of Amino Acid Composition in Hydroponic Barley Fodder under Different
Light Intensities

The content of 17 amino acids in hydroponic fodder barley grown under different lev-
els of light intensities was evaluated (Figure 7A). Under various light intensity treatments,
no significant differences were observed in the levels of phenylalanine, methionine, valine,
tyrosine, and cysteine across all treatments. In the control treatment (L0), arginine and
glutamate levels were significantly elevated compared to other treatments, while alanine
levels were lower. In the L1 treatment, there were significantly higher levels of proline and
alanine compared to the control, whereas the levels of arginine, serine, and glutamate were
significantly reduced. In the L2 treatment, the amino acids threonine, isoleucine, serine,
and alanine exhibited significantly higher levels relative to the control, whereas proline
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levels were lower than in other treatments. The histidine content showed a progressive
increase with rising light intensity, with the L3 treatment exhibiting a 10.5% increase over
the control. However, in the L3 treatment, the levels of lysine, threonine, isoleucine, leucine,
aspartate, arginine, and glutamate were significantly lower compared to the control.
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Figure 6. The effect of different levels of light intensity on ether extract (EE), crude ash (CA), crude
fiber (CF), crude protein (CP), neutral detergent fiber (NDF), and acidic detergent fiber (ADF) in
roots in the 0 µmol/m2/s (L0, control treatment), 100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and
300 µmol/m2/s (L3) treatments. The bars within each nutrient component sharing a similar letter are
not significantly different at a 5% level of probability, according to Duncan’s new multiple range test.
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Figure 7. (A) Amino acid contents of hydroponic barley grass in the 0 µmol/m2/s (L0, con-
trol treatment), 100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) treatments.
(B) TAAs = total amino acids and EAAs = essential amino acids. (C) Functional amino acid. The bars
present the standard error of the mean. The bars within each amino acid sharing a similar letter are
not significantly different at a 5% level of probability, according to Duncan’s new multiple range test.

The total amino acid content in the treatments (Figure 7B) followed the following
sequence: L2 > L0 > L1 > L3. Specifically, the essential amino acid content in the L2
treatment was 3.5%, which was 4.1% higher than the control and significantly surpassed
that of other treatments. Additionally, the ratio of essential amino acids to total amino
acids (37.9%) showed a substantial increase in the L2 treatment. Within the L2 treatment,
the sulfur-containing amino acids (SAAs) were significantly higher, and the aromatic
amino acids (AAAs) were 4.1% higher than those in the control (Figure 7C). According
to the results, however, the lowest essential amino acid content was recorded under the
L3 treatment condition. Furthermore, in the L3 treatment, the dicarboxylic amino acids
(DAAs) and proline-rich amino acids (PAAs) were significantly lower, and the AAA content
was 1.1% lower than that of the control. These findings suggest that the protein quality
of hydroponic barley fodder is affected by varying light intensities. A light intensity of
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200 µmol/m2/s yielded a more favorable amino acid profile, enhancing the proportion
of essential amino acids. However, lower light intensities or the absence of light might
increase certain amino acid components without significantly enhancing the composition
of essential amino acids. It appears that excessively high light intensity adversely affects
amino acid content. As shown in this study, at a light intensity of 300 µmol/m2/s, the
contents of total, essential, DAAs, AAAs, and PAAs were comparatively low.

3.6. Analysis of Antioxidant Activity in Hydroponic Barley Seedlings under Different
Light Intensities

In this study, we evaluated the enzyme activity and vitamin contents in hydroponic
barley plants grown under different light intensities (Figure 8). The results revealed that the
L3 treatment achieved the highest total superoxide dismutase (SOD) content (5951.4 U/g),
which represented a significant increase of 18.2% over the control (Figure 8A). Mean-
while, the peroxidase (POD) content did not vary significantly across the light treatments
(Figure 8B), with the control (L0) recording the highest level (1863 µg/g) and the L1 treat-
ment the lowest (1633 µg/g). As for vitamin contents, the L2 treatment exhibited the
highest VC content (10.1 µg/g), closely followed by the L3 treatment (9.4 µg/g) (Figure 8C),
marking a substantial increase of 126.1–143.1% compared to the control (L0). However, the
highest VE content was found in the L0 treatment (8.39 µg/g), significantly exceeding the
levels in the other treatments (Figure 8D). Compared to the control, the VE content in the
L1, L2, and L3 treatments decreased significantly by 26.8–30.5%.
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Figure 8. (A,B) The activity of superoxide dismutase (SOD) and peroxidase (POD). (C,D) The
content of vitamins C and E in hydroponic fodder barley in the 0 µmol/m2/s (L0, control treatment),
100 µmol/m2/s (L1), 200 µmol/m2/s (L2), and 300 µmol/m2/s (L3) treatments. The bars present
the standard error of the mean. The bars sharing a similar letter are not significantly different at a 5%
level of probability, according to Duncan’s new multiple range test.

3.7. Principal Component Analysis of Growth and Quality Indicators of Hydroponic Barley
Seedlings under Different Light Intensities

Principal component analysis (PCA) was performed on 23 indicators encompass-
ing growth and nutritional components across four treatments (Figure 9). Two principal
components were identified, collectively explaining 82.7% of the total variance. Principal
component 1, which accounted for 53.2% of the variance, primarily reflects the nutritional
and digestibility attributes of barley seedlings and the biomass status of the hay from stems
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and leaves. This component is characterized by variables such as CF, ADF, and hay yield.
Principal component 2, contributing 29.5% to the variance, reflects the active nutritional
components, dry matter accumulation, and the yield of fresh grass from barley stems and
leaves. It is defined by the total amino acid content, SOD activity, dry grass yield, root dry
weight, root length, and fresh stem and leaf weight. Based on the criterion that the cumula-
tive contribution threshold must exceed 80%, these two principal components were utilized
to compute the comprehensive scores for the treatments, ranked as follows: L2, L1, L3, and
L0, in descending order (Table 1). The scores obtained from the analysis comprehensively
represent the growth and nutrient synthesis in hydroponic barley seedlings under various
light intensities. It is evident that a light intensity of 200 µmol/m2/s is favorable for pro-
moting both growth and nutrient production in hydroponic barley. Conversely, treatments
involving low, high, or no light intensity are less effective for growth. Consequently, a light
intensity of 200 µmol/m2/s is recommended as the optimal condition for the production
of hydroponic barley fodder.
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200 µmol/m2/s (L2), and 300 µmol/m2/s (L3).

Table 1. The scores of the principal component analysis of fodder barley grown hydroponically under
different light intensity treatments.

Treatments
Score of Extracted Reference Factors for Each Treatment

Y (i,1) Y (i,2) Overall Score

L0 −5.4413 −1.2266 −3.2550
L1 0.5290 1.0749 0.5984
L2 1.3089 3.3787 1.6926
L3 3.6035 −3.2271 0.9640
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4. Discussion

Light is a fundamental prerequisite for the growth and development of crops, signifi-
cantly influencing their morphological characteristics [30]. The alteration in morphological
traits in plants in response to different light intensities can influence their capacity to
intercept light [31]. The findings from this study revealed that increasing light intensity
significantly influenced the leaf morphological characteristics of fodder barley grown
hydroponically, including leaf width, leaf perimeter, and leaf area. This outcome is in
agreement with previous studies in which it was noted that elevating the level of light
intensity enhances plant growth [32]. Increased light intensity appears to trigger adapta-
tions in leaf structure likely aimed at optimizing light capture [16], which is essential for
photosynthesis, plant growth, and survival. A larger leaf area, for instance, can increase
the surface available for light absorption, thereby enhancing the plant’s ability to generate
energy [12]. Similarly, alterations in characteristics related to leaf dimensions, such as leaf
width and perimeter, may represent adaptive responses to maximize efficiency in light
utilization under varying light conditions [33].

In this study, the results clearly demonstrate that the L3 and L2 treatments were the
most effective treatments across almost all measured biomass and morphological indices,
indicating their potent effect on promoting growth. However, the L0 and L1 treatments
consistently showed the lowest values across all indices. No light or low light intensity can
significantly reduce the photosynthesis rate and leaf development [33]. Fodder barley exhib-
ited a significant increase in height and fresh weight at a light intensity of 200 µmol/m2/s
compared to other light intensity treatments. However, elevating the light intensity to
300 µmol/m2/s markedly enhanced the dry weight of the crops, albeit at the expense of
their water content. Elevating light intensity enhances the photosynthesis process, thereby
increasing water consumption within the plant system [14]. Additionally, higher light
intensities typically elevate leaf surface temperatures and promote stomatal opening, which
increases transpiration rates [34]. The findings of this study indicated that both transpira-
tion and photosynthesis rates were significantly higher under the 300 µmol/m2/s light
intensity condition. This suggests that these factors played substantial roles in reducing the
water content observed in plants cultivated under this specific condition. In agreement with
our results, previous research showed that using high levels of light intensity negatively
impacted water content [18].

The findings of this research showed that the stomatal conductance and intercellular
CO2 were lower in the L1 treatment compared to the other light treatments. However,
an increase in stomatal conductance and intercellular CO2 concentration was recorded
with increasing light intensity. With lower light, the internal CO2 concentration in the
leaf increases relative to the amount utilized in photosynthesis, due to a slowdown in
the photosynthetic process [35,36]. The results also showed that plants grown under
300 µmol/m2/s exhibited the lowest water use efficiency (WUE) compared to other light
treatments, while plants grown under 200 µmol/m2/s exhibited the highest WUE. Stomatal
conductance and intercellular CO2 concentration intricately influence WUE by regulating
the balance between the optimal CO2 uptake for photosynthesis and minimal water loss
through transpiration [30]. Alterations in steady-state stomatal conductance in response
to light intensity can impact the balance between transpirational water loss and carbon
acquisition in plants, thereby influencing WUE [37].

Light intensity can affect the content of pigments such as chlorophyll, with excessive
light intensity inducing pigment degradation [38]. Also, as light influences the biosynthesis
of chlorophyll, under low- or no-light conditions, the biosynthesis of chlorophyll is reduced,
leading to lighter-colored leaves, or in the case of no-light conditions, seedlings will become
etiolated similar to those observed in the L0 treatment in this research [9,16]. In this study,
the optimal SPAD values were observed at a light intensity of 200 µmol/m2/s, with no
further increases as light intensity continued to rise. This is consistent with findings from
previous studies, which showed that chlorophyll degradation was enhanced beyond a
certain level of light intensity [18,39].
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The components of fodder quality, such as EE, CA, CP, and NDF, can be influenced by a
combination of environmental conditions, plant genetics, and agricultural practices [40,41].
However, to the best of our knowledge, the impact of light intensity on the fodder quality
components of hydroponically grown fodder crops has rarely been investigated. This
research found that the level of EE, CA, CP, and NDF, parameters reflecting the con-
tent of fat, mineral, protein, and cellulose, respectively, was particularly the highest
in the 200 µmol/m2/s treatment. The concentration of these components was consis-
tently lower in plants exposed to 100 and 300 µmol/m2/s compared to those subjected to
200 µmol/m2/s, with the lowest concentrations observed under the condition of no light
(L0). These findings demonstrate that the 200 µmol/m2/s treatment significantly improved
the nutritional quality of hydroponic barley fodder by supplying essential elements that
enhance energy density, nutritional completeness, muscle development, and digestive
health in livestock [42].

Light intensity profoundly impacts the regulation of amino acid biosynthesis and
utilization in plants [13,43]. This research indicates that the total and favorable amino
acid content peaked under the 200 µmol/m2/s light treatment; however, increasing light
intensity from 200 to 300 µmol/m2/s adversely impacted the amino acid levels, particularly
the essential amino acids. The content of essential amino acids was also adversely affected
under the 0 and 100 µmol/m2/s treatment. These findings are in agreement with previous
research that indicated light was a critical factor in the biosynthesis and accumulation of
amino acids [44,45]. In addition, our results show that that higher light intensities do not
necessarily enhance amino acid content, corroborating earlier assertions that excessive light
can reduce nutritional quality [46]. High levels of light intensity can negatively affect amino
acid biosynthesis in plants by causing photoinhibition and oxidative stress, which disrupt
nitrogen assimilation and divert resources from amino acid synthesis to stress response
mechanisms [47,48].

Antioxidant enzymes such as SOD and POD are crucial for maintaining normal plant
metabolism by participating in the scavenging of reactive oxygen species (ROS) in chloro-
plasts [49]. The findings of this research indicated that SOD and POD activities reached their
peaks under 300 µmol/m2/s and 0 µmol/m2/s light treatments, respectively, suggesting
that these two treatments increased ROS levels in hydroponic barley fodder, thereby enhanc-
ing the activity of these antioxidant enzymes [50]. Previous research has demonstrated that
sub-optimal light conditions induce oxidative stress in plants, thereby triggering enhanced
antioxidant responses to mitigate potential damage from ROS [51–53]. Vitamins C and E are
the other essential antioxidants in plants, with their levels being affected by the intensity of
light exposure [9]. This study demonstrated that elevating light intensity increased the VC
content in barley, with plants exposed to 200 and 300 µmol/m2/s containing significantly
greater amounts of VC compared to those subjected to 0 and 100 µmol/m2/s. This obser-
vation aligns with previous research that suggested that higher light intensities activate
genes linked to the VC biosynthesis pathway [54]. In contrast, the findings indicated
that increasing light intensity did not impact the VE content; however, plants grown in
darkness exhibited higher levels of VE compared to those grown under light conditions.
This suggests that while light stimulates VC production, it might not influence VE in
the same way, and darkness could potentially enhance the accumulation of VE. Previous
research suggested that the constant expression of the DXPR (1-deoxy-D-xylulose-5-phosphate
reductase) gene, a crucial enzyme in the MEP (methylerythritol phosphate) pathway of VE
biosynthesis, could be associated with the elevated levels of VE in plants exposed to dark
conditions [17].

5. Conclusions

The impact of light intensity on hydroponically grown fodder crops like barley has
been relatively unexplored, with a lack of in-depth studies on their physiological and
biochemical responses to varying light levels. This research filled this gap by evaluating
how different light intensities affect the nutritional quality of hydroponic barley fodder,
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focusing on aspects such as photosynthesis, biomass, quality, and nutritional value. This
study revealed that while higher light intensities yield increased biomass, they do not nec-
essarily enhance the quality and nutritional value of fodder, which are crucial for providing
high-quality feed. The findings also indicated that a light intensity of 200 µmol/m2/s is
optimal for hydroponically growing fodder barley, effectively balancing factors critical
to fodder quality and overall production efficiency. This optimal setting underscores the
importance of adjusting light conditions to meet specific agricultural needs, particularly in
hydroponic systems where light can be meticulously controlled.
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