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Forage Yield, Nutritive Value, and In Vitro Digestibility of Barley Green Fodder Germinated under Different Seed-Moistening Conditions in a Hydroponic System 




.     
.
              . 
                     
	.
..






ABSTRACT 

	This study investigated the effects of different seed pre-moistening methods on the forage yield, feed value, and in vitro true digestibility (IVTD) of barley green fodder grown in a hydroponic system. Barley seeds (Hordeum vulgare L.; Finola variety) were used in this study. Five treatments were evaluated: soaking at room temperature for one day (ROD); soaking followed by refrigeration at +4 °C for one (+4OD) or three days (+4TD); and soaking followed by freezing at -18 °C for one (-18OD) or three days (-18TD). Plant height, fresh and dry fodder yield, chemical composition, cell wall components, energy values, IVTD, and forage quality indices were assessed. The results showed that ROD and +4OD treatments significantly improved early plant height, dry matter content, IVTD, relative feed value (RFV), and relative forage quality (RFQ), while reducing structural fiber contents. Conversely, the +4TD and freezing treatments (-18OD and -18TD) increased fiber and lignin content, leading to reduced digestibility and quality. Correlation analysis revealed that plant height and fresh yield were positively associated with neutral detergent fiber (NDF), acid detergent fiber (ADF), and cellulose (CEL), and negatively correlated with RFQ. These findings suggest that short duration moistening under ambient or mild cold conditions offers an effective strategy to enhance the yield and nutritional quality of barley green fodder in hydroponic systems. Further research is recommended to validate these findings through in vivo studies and to evaluate their practical implications for animal performance.
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1. INTRODUCTION 

Roughage is vital for satisfying the nutritional requirements of ruminants; however, maintaining a year-round supply of high-quality roughage remains a challenge due to limited forage crop cultivation areas. Addressing this issue necessitates the expansion of forage cultivation, improvement in pasture management, and the adoption of alternative solutions, such as hydroponic farming systems, as sustainable sources of roughage for ruminant nutrition. Hydroponic farming systems present significant advantages, including the capacity to produce higher yields per unit area compared to traditional farming methods. Furthermore, the elimination of fertilizers and pesticides in the production of fresh green fodder reduces risks to animals, consumers of animal products, and the environment while also decreasing pollution associated with fertilizer use (Uyeda et al., 2011). A primary benefit of these systems is their ability to supply fresh roughage year-round through the germination of grains such as barley, wheat, oats, and rye, thus providing a consistent source of green feed for animal nutrition (Rodriguez-Muela et al., 2005; Kilic, 2016).
Fresh green fodder produced in hydroponic systems, characterized by high nutritional value and low cost, can be cultivated year-round. This method is particularly advantageous when roughage shortages are prevalent in winter, as it provides a reliable and efficient solution to meet roughage requirements for ruminant. Indeed, by utilizing the hydroponic system, it becomes possible to produce fresh and nutritious green fodder throughout the year, regardless of the season. This method offers a cost-effective way to meet the nutritional needs of animals, particularly during winter months when roughage supply might be limited. The hydroponic system allows for the continuous production of high-quality feed, ensuring that the livestock's dietary requirements are adequately fulfilled, even in challenging climatic conditions. Moreover, fresh green fodder produced using hydroponic farming systems is known to fulfill nearly all vitamin and amino acid requirements of ruminant animals while also enhancing the levels of omega-3 and omega-6 fatty acids in meat and milk. Additionally, it promotes live weight gain and contributes to a bright, vibrant appearance of the animals' fur (Beigh et al., 2017). Furthermore, research indicates that hydroponic cultivation significantly increases the concentrations of vitamin B1, B2, B3, vitamin C, vitamin E, Beta-carotene, biotin, and free folic acid in green fodder (Sneath and McIntosh, 2003; Dung et al., 2010ab; Fazaeli et al., 2012, Yahyaei and Talebi, 2024).
Barley (Hordeum vulgare L.) is the most commonly used grain for germination due to its rapid growth (around 7 days to sprout), high germination rate, and favorable nutritional changes, including increased total protein, improved amino acid profile, and enhanced levels of sugars, crude fiber, vitamins, and minerals. Hydroponic cultivation methods further optimize barley production, enhancing both nutritional quality and yield. Globally, barley ranks fourth in grain production after wheat, rice, and corn. It is primarily used in animal feed and the malt industry, with approximately 67% of global production allocated to feed and 21% to industrial applications (USDA, 2022).
Hydroponic barley green fodder has gained increasing attention as an alternative feed resource due to its rapid production, efficient water use, and favorable effects on animal performance and feed quality, including improvements in nutrient availability and digestibility (Kumar et al., 2018; Abouelezz et al., 2019). Hydroponically germinated barley has demonstrated substantial benefits in animal feeding, providing a nutrient-dense forage option that enhances crude protein, essential fatty acids, vitamins, and fiber content. Studies indicate that the hydroponic system achieves a high green fodder yield per unit of seed, along with optimal dry matter and nutrient composition, positioning it as an effective alternative to traditional forages. Lawrence (2019) and Yurtseven et al. (2020) observed that substituting germinated barley for portions of grain mixtures in ruminant diets preserves rumen fermentation and supports lactation performance, while Yusif et al. (2023) reported notable improvements in milk yield and quality in sheep fed germinated barley. Moreover, the use of hydroponic barley extends across diverse livestock, with positive outcomes in poultry, rabbits, and geese, as demonstrated by Khaziev et al. (2021), Al-Kanaan (2022), and Abdel-Wareth et al. (2023). These studies highlighted increases in live weight gain, feed utilization efficiency, and overall economic viability. Further, substrate variations such as straw and olive pulp in hydroponic systems can enhance feed quality, as Yurtseven et al. (2020) reported, suggesting that germinated barley is a versatile forage option capable of supporting animal performance and sustainability in livestock production systems. Moreover, no studies have focused on pre-moistening methods and their potential impact on germination rates, feed value, and digestibility in barley cultivation. However, there remains a gap in the literature regarding the specific effects of different pre-moistening techniques on barley cultivated hydroponically.
This study aimed to investigate the effects of various pre-moistening treatments on the germination, feed value, and in vitro true digestibility of barley, specifically within the context of hydroponic fresh green fodder production. Additionally, it sought to evaluate the yield, nutritional profile, energy values, and overall forage quality of hydroponically cultivated barley to determine its suitability as a high-quality feed source. Also, this study aimed to achieve higher yields by optimizing germination conditions, specifically examining the effects of soaking and pre-germination temperatures and durations on barley seeds within a hydroponic system. This study hypothesizes that pre-moistening barley seeds under cold conditions will enhance their germination rate, leading to faster growth and achieving the desired yield in a shorter time frame than seeds not exposed to cooling treatments.

2. materialS and methods 

2.1. Plant Material and Germination Conditions
Barley seeds (Hordeum vulgare L.; Finola variety) were obtained from Amasya Province, Türkiye, and subjected to different pre-moistening treatments, varying in soaking duration and temperature conditions. The chemical composition and energy values of the barley seeds used in the experiment were determined as presented in Table 1.
Table 1. Nutrient contents, cell wall components, and energy values of the barley used in the experiment, DM%
	Item 
	%

	Dry matter
	89.71

	Organic matter
	86.80

	Ash
	2.91

	Crude protein
	11.81

	Ether extract
	3.41

	Crude fiber
	5.74

	Nitrogen-free extracts
	65.86

	Neutral detergent fiber
	25.11

	Acid detergent fiber
	9.14

	Acid detergent lignin
	1.33

	Hemicellulose
	15.97

	Cellulose
	7.81

	Metabolizable energy, MJ/kg DM
	11.90

	Net energy, MJ/kg DM
	8.64

	Net energy lactation, MJ/kg DM
	5.01



Germination was conducted under controlled laboratory conditions, with ambient temperatures ranging from 21.73 °C to 23.79 °C and relative humidity between 63.14% and 65.34%. Polyethylene trays (dimensions 40 × 43 × 6 cm) were used. Seeds were washed with distilled water, and then 190 grams of seeds were placed in the trays and soaked for germination. The trays were stacked on shelves in a complete randomized design with three replicates. The experimental treatments were as follows:
 ROD: soaking at room temperature for one day,
+4OD: soaking followed by refrigeration at +4 °C for one day,
+4TD: soaking followed by refrigeration at +4 °C for three days,
-18OD: soaking followed by freezing at -18 °C for one day,
-18TD: soaking followed by freezing at -18 °C for three days.
Trays were irrigated daily with tap water, and the experiment was terminated 11 days after sowing by harvesting the plants.
2.2. Forage Yield
The forage yield data included plant height (cm), green and dry fodder weight (kg/kg seed). Plant height of the barley fodder was recorded daily from days 5 to 11. Two growth periods, 7 and 11 days, were considered; on these days of the experiment, plant height, fresh (green fodder), and dry fodder yields produced were determined. 
2.3. Chemical Analysis
The sprouts were oven-dried at 55 °C for 72 hours using a forced-air system. The dried material was then ground using a hammer mill equipped with a 1 mm screen to prepare it for subsequent chemical analysis. Determination of dry matter (DM), ash, and crude protein (CP) was conducted in accordance with the standard procedures outlined by AOAC (1998). Crude protein was estimated by multiplying the measured nitrogen content by a factor of 6.25, following the Kjeldahl method. Neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and crude fiber (CF) were quantified using the methodology of Van Soest et al. (1991) with an Ankom2000 semi-automated fiber analyzer (Ankom Technology, USA). Ether extract (EE) content was analyzed using the Ankom XT15 extraction system (Ankom, 2003). Organic matter (OM) and nitrogen-free extract (NFE) were determined by calculation. All chemical analyses of samples were carried out in triplicate.
2.4. Energy Values 
The energy content of the germinated barley fodder, including metabolizable energy (ME), net energy (NE), and net energy for lactation (NEL), was estimated using established predictive equations, respectively, as described by Undersander et al. (2002), Pflueger et al. (2020), and Wahyono et al. (2021):
ME (MJ/kg DM) = (0.17 × %DMD) – 2
NE (Mcal/kg DM) = (0.0307 × TDN) – 0.764
NEL (Mcal/kg DM) = 1.085 + (0.0124 × ADL)
The NE and NEL values were subsequently converted to megajoules per kilogram of dry matter (MJ/kg DM) using the conversion factor of 1 calorie = 4.184 joules.
2.5. Relative Feed Value and Relative Forage Quality 
Forage quality was evaluated using Relative Feed Value (RFV) and Relative Forage Quality (RFQ). The RFV was used to determine the forage quality of the barley fodders, according to Rohweder et al. (1978) and Kuehn et al. (1999):
Dry matter digestibility (DMD, %) = 88.9 – (0.779 × ADF%)
Dry matter intake (DMI, body weight %) = 120 / (NDF%)
RFV (%) = (DMD × DMI) / 1.29
Relative feed value classes were based on the hay marketing task force of the American Forage and Grassland Council (AFGC) standards, Prime: >151; Premium: 151–125; Good: 124–103; Fair: 102–87; Poor: 86–75; Reject: <75.
The RFQ was used to determine the forage quality of the barley fodders according to Rivera and Parish (2010) and Guney et al. (2016):
Total Digestible Nutrients (TDN, % DM) = (NFE × 0.98) + (CP × 0.93) + (EE × 0.97 × 2.25) + ((NDF × 0.93) × (NDF digestibility / 100)) – 7
DMI, % LW = 120 / NDF + (NDF digestibility – 45) × 0.374 / 1350 ×100
RFQ = (DMI × TDN) / 1.23
2.6. In Vitro True Digestibility 
In vitro true digestibility (IVTD) was assessed using the Ankom DaisyII Incubator D220 (Ankom, 2002). This system comprises four separate digestion vessels that simulate rumen fermentation conditions. Feed samples were enclosed in filter bags (F57), placed into the digestion jars, and incubated for 48 hours. Each treatment was tested in five replicates. Following incubation, NDF content was analyzed in the residual material within the bags, and IVTD was calculated by applying the following formula:
IVTD, % = 100 ‒ ((C − (A × D)) × 100 / B
Where A: tare weight of F57 bags, B: amount of NDF in the original dry sample, C: amount of NDF remaining in the bag after incubation, and D: correction factor from blank bag.
2.7. Statistical Analysis
Data obtained from this study were subjected to one-way ANOVA using SPSS v21.0 (SPSS Inc., Chicago, IL, USA). Differences among treatment means were analyzed using Duncan’s multiple range test at P ≤ .05. Pearson correlation analysis was conducted to assess relationships between plant height/fresh yield and key nutritive parameters.
3. results and discussion

3.1 Plant Height 
Seed-moistening treatments significantly influenced the plant height of barley green fodder during the early stages of germination (Figure 1). At 5 days after sowing (DAS), seedlings in the +4TD group exhibited the greatest height (P < .05), followed by the +4OD group. Both treatments produced taller seedlings (P < .05) compared to the -18TD, -18OD, and ROD groups. By Day 6, however, ROD-treated seeds had the tallest plants (P < .05), suggesting rapid elongation under ambient conditions. From Days 7 to 8, plant height remained higher in ROD and +4OD treatments compared to the extended cold (+4TD) or freezing (‒18OD, ‒18TD) groups. No significant differences were observed between treatments after Day 8, indicating that early growth advantages did not persist into later stages.
The results indicate that seed-moistening treatments significantly affect the early vegetative growth of barley green fodder in a hydroponic system. Notably, cold pre-treatment at +4 °C for three days (+4TD) enhanced early growth by Day 5, likely due to the promotion of uniform and vigorous germination. The ROD treatment also yielded consistent advantages in early plant height, suggesting that non-stressed moistening under ambient conditions can support rapid elongation during early development. In contrast, freezing treatments (-18OD and -18TD) generally resulted in reduced plant height during the initial growth period. This reduction is likely due to freezing-induced cellular damage, primarily via ice crystallization that disrupts membrane integrity, impairs metabolic processes like respiration and photosynthesis, and compromises early elongation capacity, which may impair the seed’s ability to initiate and sustain early elongation (Hassan et al., 2021; Wang et al., 2024; Zhang et al., 2025). However, the partial recovery observed in the -18TD group by Days 6 and 8 suggests some acclimation or delayed compensation effect in these seeds. The differences in plant height diminished over time, with no significant variation detected after Day 8. This convergence implies that while early growth is sensitive to pre-germination treatments, the long-term growth potential may be less affected as seedlings adapt to uniform hydroponic growing conditions.
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Fig. 1. Plant height of the barley green fodder germinated under different seed moistening conditions in a hydroponic system
ROD: seeds were soaked and left at room temperature for one day, +4OD: seeds were soaked and refrigerated at +4 °C for one day, +4TD: seeds were soaked and refrigerated at +4 °C for three days, -18OD: seeds were soaked and frozen at -18 °C for one day, -18TD: seeds were soaked and frozen at -18 °C for three days. Day 5: +4TD > +4OD > -18TD, -18OD, ROD (P ≤ .05); Day 6: ROD > +4TD, +4OD, -18TD > -18OD (P ≤ .05); Day 7: ROD, +4OD > +4TD, -18TD > -18TD (P ≤ .05); Day 8: ROD, +4TD >+4OD, -18TD > -18OD (P ≤ .05); Day 9, 10, 11: P > .05
3.2 Fresh and Dry Fodder Yield 
The plant height, fresh and dry fodder yield of the barley green fodder germinated under different seed moistening conditions in a hydroponic system are presented in Table 2. On Day 7, ROD and +4OD treatments produced significantly taller plants than -18OD (P = .021), with the latter displaying stunted growth. However, by Day 11, height differences among treatments were no longer significant, indicating recovery in the previously stressed groups.
Fresh fodder yield was significantly influenced by the moistening conditions (P < .05). On Day 7, the -18TD group produced the highest fresh fodder yield (4.12 kg/kg seed), followed by -18OD, while +4OD had the lowest yield (3.31 kg/kg seed, P = .019). This pattern persisted through Day 11, with -18TD and -18OD yielding significantly more fresh fodder yield (6.34 and 6.18 kg/kg seed, respectively) than ROD and +4OD (P = .019). These results suggest that although freezing suppressed vertical growth initially, it may have stimulated compensatory mechanisms promoting greater water retention or tissue expansion, resulting in higher fresh fodder yield. Similar findings in barley sprouts were reported by Kuşan et al. (2019), although our recorded yields exceeded their results, likely due to optimized germination protocols.
Dry fodder yield did not differ significantly among treatments on either Day 7 (P = .988) or Day 11 (P = .934), suggesting that moisture content may have accounted for the differences observed in fresh yield, rather than actual dry matter accumulation. The lack of significant differences in dry fodder yield at both time points further supports the hypothesis that the observed variations in fresh yield were primarily due to differences in moisture content rather than actual dry matter production. This emphasizes the importance of evaluating both fresh and dry yields when assessing fodder quality, particularly in hydroponic systems where water availability and retention are inherently high.
[bookmark: _Hlk201775719]Table 2. Plant height (cm), fresh and dry fodder yield (kg/kg seed) of the barley green fodder germinated under different seed moistening conditions in a hydroponic system

	Parameters
	Treatments
	SEM
	P

	
	ROD
	+4OD
	+4TD
	-18OD
	-18TD
	
	

	Day 7

	Plant height
	12.00a
	11.50a
	11.33ab
	8.50c
	10.33b
	0.470
	.021

	Fresh fodder yield
	3.52b
	3.31c
	3.72b
	3.84b
	4.12a
	0.125
	.019

	Dry fodder yield
	0.51
	0.54
	0.53
	0.54
	0.57
	0.031
	.988

	Day 11

	Plant height
	20.17
	19.83
	20.00
	19.83
	20.00
	0.124
	.936

	Fresh fodder yield
	5.16b
	5.18b
	5.71ab
	6.18a
	6.34a
	0.181
	.019

	Dry fodder yield
	0.76
	0.85
	0.81
	0.86
	0.87
	0.043
	.934


ROD: seeds were soaked and left at room temperature for one day, +4OD: seeds were soaked and refrigerated at +4 °C for one day, +4TD: seeds were soaked and refrigerated at +4 °C for three days,    -18OD: seeds were soaked and frozen at -18 °C for one day, -18TD: seeds were soaked and frozen at -18 °C for three days, SEM: standard error of the mean, abc: means with different superscripts in the same row were significantly different (P ≤ .05).
3.3 Chemical Composition and Cell Wall Components 
Seed-moistening conditions significantly affected the chemical composition and cell wall components of barley green fodder (Table 3). The highest DM content was recorded in the +4OD group (16.47%), while the -18TD treatment had the lowest (13.52%, P = .018). Similarly, OM content was highest in +4OD (89.02%) and lowest in -18TD (87.76%, P < .001). In contrast, ash content peaked in +4TD (4.18%, P < .001), which may reflect a concentration effect due to increased mineral uptake during the longer cold soaking period. The higher DM and OM contents observed in the +4OD group suggest that a short cold treatment (+4 °C for one day) may enhance overall nutrient density, likely through improved enzymatic activity during early germination without inducing chilling stress. The dry matter contents observed in this study (13.52%–16.47%) agree with the 18.28% DM reported by Kuşan et al. (2019).
No significant differences were observed in CP, EE, CF, or NFE (P > .05), indicating that the macronutrient profile remains relatively stable across treatments, despite variations in water and mineral content. Crude protein values (16.23%–16.85%) aligned with earlier reports by Lawrence (2019), affirming the suitability of hydroponic barley for ruminant diets. 
The +4TD group had the highest NDF, ADF, and ADL (P < .05), indicating a more fibrous composition. Similarly, HCEL and CEL contents were elevated in the +4TD and -18TD treatments. Fiber fraction data reveal that prolonged cold soaking (+4TD) or freezing (-18TD) increased cell wall components, as evidenced by higher NDF, ADF, ADL, and CEL values. This suggests that such treatments promote more fibrous tissue development, possibly due to delayed but more structured seedling growth. While this may benefit rumen function in ruminants by increasing effective fiber, it could also reduce overall digestibility if not properly balanced. Cell wall components such as NDF (47.67%–53.19%) and ADF (23.23%–25.92%) are within the ranges reported by Yurtseven et al. (2020) and Alharthi et al. (2023), indicating comparable cell wall composition across different hydroponic conditions and systems.

Table 3. Chemical composition and cell wall component of the barley green fodder germinated under different seed moistening conditions in a hydroponic system, DM%

	Parameters
	Treatments
	SEM
	P

	
	ROD
	+4OD
	+4TD
	-18OD
	-18TD
	
	

	DM
	14.65b
	16.47a
	14.32b
	13.94c
	13.52c
	0.604
	.018

	OM
	87.96d
	89.02a
	88.72b
	88.20c
	87.76e
	0.126
	.001

	Ash
	3.67c
	3.50e
	4.18a
	3.60d
	3.85b
	0.063
	.001

	CP
	16.85
	16.82
	16.64
	16.81
	16.23
	0.065
	.103

	EE
	3.53
	3.12
	3.13
	3.39
	3.46
	0.126
	.207

	CF
	21.29
	21.97
	21.58
	21.27
	21.75
	0.289
	.953

	NFE
	46.29
	47.11
	47.37
	45.72
	46.32
	0.338
	.315

	NDF
	48.50bc
	47.67c
	53.19a
	50.55b
	50.77b
	0.581
	.002

	ADF
	23.54c
	23.23c
	25.92a
	25.01ab
	24.63b
	0.269
	.001

	ADL
	2.59c
	2.56c
	3.38a
	2.83bc
	3.08b
	0.084
	.001

	HCEL
	24.95b
	24.44b
	27.28a
	25.54ab
	26.14ab
	0.341
	.044

	CEL
	20.96c
	20.66c
	22.54a
	22.18a
	21.55b
	0.196
	.001


ROD: seeds were soaked and left at room temperature for one day, +4OD: seeds were soaked and refrigerated at +4 °C for one day, +4TD: seeds were soaked and refrigerated at +4 °C for three days,   -18OD: seeds were soaked and frozen at -18 °C for one day, -18TD: seeds were soaked and frozen at -18 °C for three days, DM: dry matter (fresh form), OM: organic matter, CP: crude protein, EE: ether extract, CF: crude fiber, NFE: nitrogen-free extracts, NDF: neutral detergent fiber, ADF: acid detergent fiber, ADL: acid detergent lignin, HCEL: hemi cellulose, CEL: cellulose, SEM: standard error of the mean, abc: means with different superscripts in the same row were significantly different (P ≤ .05).
3.4 Energy Values and In Vitro True Digestibility 
Metabolizable energy (ME), net energy (NE), and net energy lactation (NEL) values did not differ significantly among treatments (P > .05), though numerically higher values were observed in the +4OD and ROD groups (Table 4). ME ranged from 9.54 to 9.89 MJ/kg DM, NE from 6.18 to 6.57 MJ/kg DM, and NEL from 4.67 to 4.71 MJ/kg DM. The numerical differences suggest subtle impacts on energy availability, with the +4OD and ROD treatments consistently yielding the highest values. These outcomes align with earlier findings indicating that higher DM and OM concentrations support greater energy density per unit of DM by improving fermentation efficiency and preserving more digestible nutrients during processing and storage (Wrobel et al., 2025).
In vitro true digestibility (IVTD) was significantly affected by seed-moistening treatments (P < .001). The highest IVTD was recorded in the ROD treatment (66.08%), followed by +4OD (65.53%). The lowest digestibility was observed in the +4TD group (62.76%), while -18OD and -18TD exhibited intermediate values (63.74% and 64.11%, respectively). The highest IVTD in the ROD and +4OD treatments is indicative of less lignified and more digestible tissue formation, likely a result of more favorable germination and early growth conditions. In contrast, the significantly lower digestibility observed in the +4TD group suggests that extended cold exposure may enhance structural carbohydrate deposition (e.g., cellulose, lignin), as previously noted in Table 3, which in turn reduces the degradability of the biomass.
These findings suggest that short-duration, mild treatments (e.g., +4OD or ROD) optimize both digestibility and energy potential, reinforcing their suitability for producing high-quality green fodder in hydroponic systems. In vitro true digestibility values observed in this study (62.76%–66.08%) are consistent with those reported by Abdel-Wareth et al. (2023) and Yusif et al. (2023), who found improvements in nutrient digestibility and performance in rabbits and sheep, respectively.

Table 4. Energy values (MJ/kg DM) and in vitro true digestibility (%) of the barley green fodder germinated under different seed moistening conditions in a hydroponic system

	Parameters
	Treatments
	SEM
	P 

	
	ROD
	+4OD
	+4TD
	-18OD
	-18TD
	
	

	ME
	9.86
	9.89
	9.54
	9.66
	9.71
	0.035
	.285

	NE
	6.53
	6.57
	6.18
	6.31
	6.37
	0.039
	.125

	NEL
	4.67
	4.67
	4.71
	4.69
	4.70
	0.004
	.103

	IVTD
	66.08a
	65.53b
	62.76d
	63.74c
	64.11c
	0.325
	.001


ROD: seeds were soaked and left at room temperature for one day, +4OD: seeds were soaked and refrigerated at +4 °C for one day, +4TD: seeds were soaked and refrigerated at +4 °C for three days,   -18OD: seeds were soaked and frozen at -18 °C for one day, -18TD: seeds were soaked and frozen at -18 °C for three days, ME: metabolizable energy, NE: net energy, NEL: net energy lactation, IVTD: in vitro true digestibility, SEM: standard error of the mean. abc: means with different superscripts in the same row were significantly different (P ≤ .05).
3.5 Relative Feed Value and Relative Forage Quality 
The seed-moistening treatments significantly influenced DMD, RFV, and RFQ (P < .05), while DMI and TDN values did not differ significantly (P > .05, Table 5). The highest DMD, RFV, and RFQ values were observed in +4OD and ROD, while +4TD had the lowest values. These results are consistent with findings on IVTD and fiber composition. Short duration moistening at room temperature or mild cold preserved forage digestibility and quality, similar to observations in hydroponic barley fodder where controlled sprouting conditions maintained favorable fiber fractions and nutritive value in the produced fodder (Nait-Merzeg et al., 2025). 
The significantly lower DMD and forage quality indices in the +4TD treatment reflect the negative impact of prolonged cold exposure, which appears to increase lignification and structural fiber content (as seen in Table 3), thereby reducing digestibility and nutritional availability. Although freezing treatments (-18OD and -18TD) did not result in statistically inferior RFV or RFQ compared to +4TD, they still performed sub-optimally relative to ROD and +4OD. These results underscore that short duration moistening treatments at ambient temperature (ROD) or mild cold conditions (+4OD) are optimal strategies for producing high-quality barley green fodder in hydroponic systems, combining favorable forage yield, nutritive value, and digestibility. Relative feed value (RFV: 118.80–136.78) and relative forage quality (RFQ: 158.36–171.85) were within optimal ranges for livestock feeding and comparable to values associated with enhanced productivity in poultry and waterfowl, as reported by Khaziev et al. (2021) and Al-Kanaan (2022).

[bookmark: _Hlk160819968][bookmark: _Hlk181449621]Table 5. Relative feed value and relative forage quality of the barley green fodder germinated under different seed moistening conditions in a hydroponic system

	Parameters
	Treatments
	SEM
	P 

	
	ROD
	+4OD
	+4TD
	-18OD
	-18TD
	
	

	DMI1, BW%
	2.47
	2.52
	2.26
	2.37
	2.36
	0.027
	.127

	DMD, %
	69.75a
	69.99a
	67.89c
	68.61bc
	68.90b
	0.209
	.001

	RFV
	133.83a
	136.78a
	118.80b
	126.32ab
	126.29ab
	1.860
	.001

	DMI2, BW%
	2.49
	2.51
	2.31
	2.35
	2.34
	0.022
	.303

	TDN, % 
	84.53
	84.44
	82.36
	83.07
	83.91
	0.643
	.775

	RFQ
	171.16a
	171.85a
	158.36b
	160.12 b
	160.24 b
	1.883
	.002


ROD: seeds were soaked and left at room temperature for one day, +4OD: seeds were soaked and refrigerated at +4 °C for one day, +4TD: seeds were soaked and refrigerated at +4 °C for three days,   -18OD: seeds were soaked and frozen at -18 °C for one day, -18TD: seeds were soaked and frozen at -18 °C for three days, DMI1: dry matter intake calculated for relative feed value, DMD: dry matter digestibility, RFV: relative feed value, DMI2: dry matter intake calculated for relative forage quality, TDN: total digestible nutrient, RFQ: relative forage quality, SEM: standard error of the mean. abc: means with different superscripts in the same row were significantly different (P ≤ .05).
3.6 Correlation Between Growth Traits and Chemical Composition 
The correlations of the plant height and fresh fodder yield with chemical composition and forage quality are presented in Figure 2. Plant height was positively correlated with structural fiber fractions such as NDF, ADF, and CEL (P < .05), indicating that increased plant elongation may be accompanied by increased fiber fraction contents. In addition, negative correlations were observed between plant height and RFQ, OM, and DM (P > .05). The observed positive correlation between plant height and structural fiber fractions indicates that as plants grow taller, their structural complexity and lignification increase. This is a common phenomenon in forage crops, especially grasses and some legumes, where plant maturation and elongation lead to increased deposition of cell wall components, particularly cellulose and hemicellulose.
Fresh fodder yield also showed significant positive correlations with OM, CEL (P < .01), NDF, ADF, and ADL (P < .05), while showing a strong negative correlation with RFQ (P < .01). These findings further affirm that increased biomass may come at the expense of forage quality unless seed germination is optimally controlled.
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Figure 2. Direction, magnitude, correlation coefficients, and significance level of the correlations between (a) plant height and (b) fresh fodder yield with nutritive values regardless of treatments.
RFQ: relative forage quality, RFV: relative feed value, IVTD: in vitro true digestibility, CEL: cellulose, ADL: acid detergent lignin, ADF: acid detergent fiber, NDF: neutral detergent fiber, OM: organic matter, DM: dry matter. * P<0.05, ** P<0.01. 

4. Conclusion

This study demonstrates that short-duration seed moistening at room temperature or mild cold conditions (+4 °C for one day) is an effective approach to enhance forage yield, DM content, and nutritional quality of barley green fodder cultivated in hydroponic systems. In contrast, prolonged cold exposure (+4TD) and freezing treatments (-18OD and -18TD) were associated with increased lignification and reduced digestibility, despite producing relatively higher fresh biomass. Greater plant height and fresh yield were associated with higher fiber fractions but lower digestibility and forage quality metrics. 
To optimize hydroponic fodder systems for ruminant nutrition, it is recommended that seed moistening protocols emphasize brief durations (24 hours) at ambient or mildly cold conditions (+4 °C). These approaches balance efficient germination, nutrient preservation, and structural quality. Further studies could explore the physiological mechanisms underlying these responses and evaluate their effects on animal performance in vivo, particularly in dairy and meat production systems.

Disclaimer (Artificial intelligence)
Authors hereby declared that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 


References

1. [bookmark: _GoBack]Abdel-Wareth, A. A., Mohamed, E. M., Hassan, H. A., Eldeek, A. A., & Lohakare, J. (2023). Effect of substituting hydroponic barley forage with or without enzymes on performance of growing rabbits. Scientific Reports https://doi.org/10.1038/s41598-023-27911-x 
2. Abouelezz, K. F. M., Sayed, M. A. M., & Abdelnabi, M. A. (2019). Evaluation of hydroponic barley sprouts as a feed supplement for laying Japanese quail: Effects on egg production, egg quality, fertility, blood constituents, and internal organs. Animal Feed Science and Technology, 252, 126-135. https://doi.org/10.1016/j.anifeedsci.2019.04.011 
3. Alharthi, A. S., Al-Baadani, H. H., Abdelrahman, M. M., & Alhidary, I. A. (2023). Effects of feeding different levels of sprouted barley on fermentation characteristics, bacterial quantification, and rumen morphology of growing lambs. Veterinary Sciences, 10(1), Article 15. https://doi.org/10.3390/vetsci10010015 
4. Al-Kanaan, A. J. J. (2022). Effects of adding different levels of hydroponic barley fodder on the productive performance and economic value of broiler chickens. Archives of Razi Institute, 77(5), 1853-1864. https://doi.org/10.22092/ARI.2022.358131.2157 
5. Ankom. (2002). Operator’s Manual ANKOM200/220 Daisy Incubator. ANKOM Technology Corp., Fairport, NY.
6. Ankom. (2003). Operator's Manual ANKOM XT15 Analyzer, method for determining ether extract, Ankom Technology, Macedon, NY. 
7. AOAC (1998). Official methods of analysis, 16th Edition, AOAC International, Gaithersburg, MD.
8. Beigh, Y. A., Ganai, A. M., & Ahmad, H. A. (2017). Prospects of complete feed system in ruminant feeding: A review. Veterinary World, 10(4), 424-437. https://doi.org/10.14202/vetworld.2017.424-437 
9. Dung, D. D., Godwin, I. R., & Nolan, J. V. (2010). Nutrient content and in sacco degradation of hydroponic barley sprouts grown using nutrient solution or tap water. Journal of Animal and Veterinary Advances, 9(18), 2432-2436.  
10. Fazaeli, H., Golmohammadı, H.A., Tabatabayee, S.N., & Asgarı-Tabrızı, M. (2012). Productivitiy and nutritive value of barley green fodder yield in hydroponic system. World Appl. Sci. J. 16(4), 531-539. 
11. Guney, M., Bingol, N. T., & Aksu, T. (2016). Relative feed value (RFV) and relative forage quality (RFQ) used in the classification of forage quality. Ataturk University Journal of Veterinary Sciences. https://doi.org/10.17094/avbd.50526 
12. Hassan, M. A., Xiang, C., Farooq, M., Muhammad, N., Yan, Z., Hui, X., Yuanyuan, K., Bruno, A. K., Lele, Z., & Li, J. (2021). Cold stress in wheat: Plant acclimation responses and management strategies. Frontiers in Plant Science, 12, 676884. https://doi.org/10.3389/fpls.2021.676884 
13. Khaziev, D., Gadiev, R., Yusupova, C., Kazanina, M., & Kopylova, S. (2021). Effect of hydroponic green herbage on the productive qualities of parent flock geese. Veterinary World, 14(4), 841–846. https://doi.org/10.14202/vetworld.2021.841-846 
14. Kılıç, Ü. (2016). Hydroponic systems in forage production. Turkish Journal of Agriculture - Food Science and Technology, 4(9), 793–799. https://doi.org/10.24925/turjaf.v4i9.793-799.859 
15. Kuehn, C. S., Jung, H. G., Linn, J. G., & Martin, N. P. (1999). Characteristics of alfalfa hay quality grades based on the relative feed value index. Journal of Production Agriculture, 12(4), 681-684. https://doi.org/10.2134/jpa1999.0681
16. Kumar, R., Mathur, M., Karnani, M., Choudhary, S. D., & Jain, D. (2018). Hydroponics: An alternative to cultivated green fodder: A review. Journal of Entomology and Zoology Studies, 6(6), 791-795. http://www.entomoljournal.com/archives/2018/vol6/issue6 
17. Kuşan, O., Çayan, H., & Şahin. A. (2019). Dry matter content of different feed grains germinated by hydroponics method. XI. International Animal Science Conference. October 20-22, Nevşehir, Turkey.
18. Lawrence, R. D. (2019). Evaluation of feeding alternative feedstuffs including hydroponic barley sprouts and carinata meal to dairy cattle. (Doctoral dissertation, South Dakota State University) https://openprairie.sdstate.edu/etd/3400/ 
19. Nait-Merzeg, F., Iguer-Ouada, M., Ain-Baziz, H., Bareche, L., Zirmi-Zembri, N., & Kadi, S. A. (2025). Effect of production mode on productivity, chemical composition and nutritive value of hydroponic barley fodder. Bulgarian Journal of Agricultural Science, 31(3), 567-572. https://journal.agrojournal.org/page/en/details.php?article_id=5061&utm_source=chatgpt.com 
20. Pflueger, N. P., Redfearn, D. D., Volesky, J. D., Bolze, R., & Stephenson, M. B. (2020). Influence of oat and spring pea mixtures on forage characteristics in different environments. Agronomy Journal, 112(3), 1911-1920. https://doi.org/10.1002/agj2.20144 
21. Rivera D., & Parish J. (2010). Interpreting Forage and Feed Analysis Report. 2620, Mississippi State University.
22. Rodriguez-Muela, C., Rodriguez, H.E., Ruiz, O., Flores, A., Grado, J.A., & Arzola, C. (2004). Use of green fodder produced in hydroponic system as supplement for lactating cows during the dry season. In the Proceeding of the American Society of Animal Science, 271-274. https://www.asas.org/meetings/past-meetings/programs-proccedings-abstracts 
23. Rohweder, D. A., Barnes, R. F., & Jorgensen, N. (1978). Proposed hay grading standards based on laboratory analyses for evaluating quality. Journal of Animal Science. https://doi.org/10.2527/jas1978.473747x
24. Sneath, R., & McIntosh, F. (2003). Review of hydroponic fodder production for beef cattle. Department of Primary Industries: Queensland Australia, Report 84. https://www.mla.com.au/research-and-development/search-rd-reports/nbp.332/ 
25. Undersander, D., Moore, J. E., & Schneider, N. (2002). Relative forage quality. Focus on Forage, 4(5), 1-2. https://cropsandsoils.extension.wisc.edu/articles/forage-production-and-management/relative-forage-quality/
26. United States Department of Agriculture, Foreign Agricultural Service. (2022). Production, Supply and Distribution (PSD) Online. https://apps.fas.usda.gov/psdonline/app/index.html#/app/advQuery 
27. Uyeda, J., Cox, L. J., & Radovich, T. J. (2011). An economic comparison of commercially available organic and inorganic fertilizers for hydroponic lettuce production. Sustainable Agriculture, 5, 1-4. https://www.ctahr.hawaii.edu/oc/freepubs/pdf/SA-5.pdf
28. Van Soest, P.V., Robertson, J.B., & Lewis, B.A. (1991). Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. Journal of Dairy Science. https://doi.org/10.3168/jds.S0022-0302(91)78551-2 
29. Wahyono, T., Indiramata, W. M., Sihono, & Human, S. (2021). White Midrib (WMR) vs Brown Midrib (BMR) sorghum: perspective of nutrient value for ruminant forage. IOP Conference Series: Earth and Environmental Science, 788, 012164. https://doi.org/10.1088/1755-1315/788/1/012164
30. Wang, Y., Wang, J., Sarwar, R., Zhang, W., Geng, R., Zhu, K. M., & Tan, X. L. (2024). Research progress on the physiological response and molecular mechanism of cold response in plants. Frontiers in Plant Science, 15, 1334913. https://doi.org/10.3389/fpls.2024.1334913 
31. Wrobel, B., Zielewicz, W., & Paszkiewicz-Jasińska, A. (2025). Improving Forage Quality from Permanent Grasslands to Enhance Ruminant Productivity. Agriculture, 15(13), 1438. https://doi.org/10.3390/agriculture15131438
32. Yahyaei, M., & Talebi, B. (2024). Hydroponic fodder for livestock production and productivity: a Review. Greenhouse Plant Production Journal, 1(3), 1-12. https://doi.org/10.61186/gppj.1.3.1 
33. Yurtseven, S., Güler, A., & Sakar, E. (2020). Effects of hydroponic media on forage and silage quality of barley (Hordeum vulgare L.). Applied Ecology and Environmental Research, 18(1), 1601-1610. https://doi.org/10.15666/aeer/1801_16011610 
34. Yusif, A. A., Mustafa, K. N., & Salih, G. M. (2023). Effect of Feeding Hydroponic Barley and Concentrate Diet on Milk Yield and Composition in Hamdani Ewes. Journal of Jilin University (Engineering and Technology Edition), 42(1), 137-144. https://doi.org/10.17605/OSF.IO/89BH5 
35. Zhang, X., Yu, J., Wang, S., Qiao, R., Shen, J., Li, W., Zhou, F., & Li, X. (2025). Molecular Mechanisms of Cold Stress Response in Strawberry and Breeding Strategies. Current Issues in Molecular Biology, 47(11), 966. https://doi.org/10.3390/cimb47110966
  




2


image1.png
Plant height (cm)

24

22

20

5 6 7 8 9 10
Time (days)

—8—ROD —8—-40D —4—-+4TD —4—_180D —%—-18TD




image2.emf
(a)     RFQ   RFV   IVTD   CEL   ADL   ADF   NDF   OM   DM     Correlation     (b)     RFQ   RFV   IVTD   CEL   ADL   ADF   NDF   OM   DM     Correlation  


