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ABSTRACT 

	This study investigated the chemical composition, in vitro gas production, methane emissions, and in vitro digestibility of whole beech nuts (WB), their shells (BS), and cores (BC) to evaluate their potential as feed ingredients for ruminants. Samples were analyzed for chemical composition and incubated using the in vitro gas production technique (Hohenheim) to assess fermentation kinetics, organic matter digestibility (OMD), metabolizable energy (ME), net energy lactation (NEL), in vitro true digestibility (IVTD), and methane production. The results showed significant differences (P < .05) among the three nut parts. Beech nut cores had the highest crude protein (23.46%) and ether extract (19.93%) contents, with superior cumulative gas production (37.38 mL/200 mg DM at 96 hours) and a higher gas production rate, indicating their high fermentability. It also showed the highest OMD (62.82%), ME (12.29 kcal/kg DM), NEL (7.97 kcal/kg DM), and IVTD (95.82%). Furthermore, BC produced the lowest methane emission (2.30 mL), indicating its potential effectiveness in mitigating enteric methane production when incorporated into ruminant rations. Conversely, BS exhibited the highest fibre and lignin contents, which corresponded with the lowest values for total gas production (20.52 mL), OMD (32.25%), ME (4.53 kcal/kg DM), NEL (1.80 kcal/kg DM), and IVTD (36.32%). However, it produced the greatest methane yield relative to the total gas volume. Whole beech nuts showed moderate nutritive and fermentative values due to their mixed composition of cores and fibrous shells, while BC emerged as a high energy and protein feed promising sustainable ruminant nutrition and lower methane emissions. Meanwhile, BS have limited nutritive value but may serve as a source of structural fibre when used in small quantities. Further in vivo studies are recommended to confirm animal performance responses, palatability, and the practical inclusion levels of beech nuts and their parts in livestock diets.
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1. INTRODUCTION 

The increasing global demand for livestock products necessitates the exploration of unconventional and underutilized feed resources to ensure sustainable animal production while minimizing feed-food competition (Makkar, 2018). Tree-derived feedstuffs such as seeds, nuts, and their by-products are of growing interest due to their availability, potential nutritional value, and bioactive compound content (Musati et al., 2023). Among these, beech nuts (Fagus sylvatica L.), including their shells and cores, remain largely unexploited in animal nutrition despite the widespread distribution of beech trees across temperate regions of Europe and Asia (Musati et al., 2023; Chisoro et al., 2025).
Beech nuts are traditionally used for oil extraction and as wildlife food; however, their whole form, along with the shells and cores, could be explored as feed ingredients for ruminants or non-ruminants. Their chemical composition is characterized by relatively high lipid content in the kernels and considerable fibre fractions in the shells and cores (Packham et al., 2012; Bakewell-Stone, 2015; Obranovic et al., 2024). Previous research on similar tree nuts such as acorns, nut skins, chestnuts, oaks, and hazelnuts indicated their inclusion in animal diets may improve energy intake and modulate rumen fermentation due to the presence of tannins and phenolic compounds (Hidayet et al., 2023; Musati et al., 2024; Sun et al., 2025).
In vitro gas production techniques are widely used to evaluate the fermentability and digestibility of feedstuffs, providing insights into their energy availability and the extent of methane production, which serves as an indicator of feed efficiency and environmental impact (Menke and Steingass, 1988; Aprilia et al., 2021; Simeonidis et al., 2025). Investigating the gas and methane production of novel feed resources is crucial for assessing their potential role in low-emission livestock feeding strategies (Malyugina et al., 2025). The role of tree-derived feed resources in methane mitigation has gained attention due to their secondary metabolites with potential anti-methanogenic properties (Jayanegara et al., 2012; Goel & Makkar, 2012).	Comment by dell: Correct all references one time as per author guidelines
Despite the ecological prevalence and biomass yield of beech trees, there is limited information on the nutritional value, fermentability, and methane emission potential of whole beech nuts and their by-products. Understanding these parameters is crucial to determining their suitability as alternative feed additives that can enhance animal productivity while contributing to climate-smart feeding strategies. Although chemical composition studies show that beech nuts are rich in oil, protein, and bioactive compounds, there is (to date) no published in vivo or in vitro trial evaluating beech nuts as feedstuff, indicating an under-exploited potential.
Therefore, the objective of this study was to determine the chemical composition, in vitro gas production kinetics, methane emissions, and in vitro true digestibility of whole beech nuts, shells, and cores. This evaluation will provide fundamental data for their possible inclusion in ruminant feeding systems, contributing to sustainable animal production and effective utilization of forest-derived feed resources.

2. materialS and methods 

2.1. Sample Collection and Preparation
Whole beech nuts (Fagus sylvatica L.) along with their shells and cores were picked from approximately 10 mature beech trees in Ordu Province, Black Sea Region, Türkiye, during autumn 2024. Samples were manually separated into three fractions: whole beech nuts (WB), shells (BS), and cores (BC). Each fraction was air-dried in the shade at ambient temperature until it reached a constant weight, ground to pass through a 1 mm sieve using a laboratory mill, and stored in airtight containers for subsequent analysis.
2.2. Chemical Analysis
Samples were analyzed for their proximate composition following the standard methods of AOAC (1998). Dry matter (DM) was determined by oven drying at 105°C for 3 hours, ash by incineration at 550°C for 3 hours, and crude protein (CP) by the Kjeldahl method using a nitrogen-to-protein conversion factor of 6.25. Ether extract (EE) content was analyzed using the Ankom XT15 extraction system (Ankom, 2003). Crude fiber (CF), Neutral detergent fibre (NDF), and acid detergent fibre (ADF) were analyzed according to Van Soest et al. (1991) using an ANKOM2000 Fibre Analyzer (ANKOM Technology, NY, USA). Hemicellulose content was calculated by subtracting ADF from NDF, while cellulose was determined as ADF minus ADL. Organic matter (OM) and nitrogen-free extract (NFE) were determined by calculation. Chemical analyses were conducted in triplicate and expressed on a dry matter basis. 
2.3. In Vitro Gas Production (Hohenheim gas test)
The in vitro gas production technique was assessed using the procedure described by Menke and Steingass (1988). Rumen fluid was collected from slaughtered Holstein cows fed a standard diet composed of 60% hay and 40% concentrate, before morning feeding. The rumen fluid was filtered through four layers of cheesecloth under continuous carbon dioxide (CO₂) flushing to maintain anaerobic conditions. The buffered rumen fluid was prepared by mixing rumen liquor with buffer solution as described by Menke and Steingass (1988).
Approximately 200 mg of each ground sample was weighed into pre-warmed 100 mL glass syringes in triplicate. A volume of 30 mL of the buffered rumen fluid was injected into each syringe under CO₂, and syringes were incubated at 39°C in a water bath. Gas production was recorded at 3, 6, 9, 12, 24, 48, 72, and 96 hours of incubation. Blanks containing only buffered rumen fluid were included to correct for endogenous gas production.
Organic matter digestibility (OMD), Metabolizable energy (ME), and net energy lactation (NEL) contents were calculated from the amount of gas production (GP: 24-hour gas amount), CP, EE, and ash content of the samples using the following equations (Menke et al., 1979;  Menke and Steingass, 1988):
OMD (%) = 14.88 + 0.8893 GP + 0.448 CP + 0.651 Ash 
ME (MJ/kg DM) = 2.20 + 0.136 GP + 0.0574 CP + 0.002859 CP2 
NEL (MJ/kg DM) = 0.101 GP + 0.051 CP + 0.112 EE
2.4. Methane Determination 
Methane production was measured using an infrared methane analyzer (Europa GmbH, Erkrath, Germany). Following the 24-hour incubation period during the in vitro gas production assay, gas samples were withdrawn from the headspace of each syringe and analyzed to determine methane concentration. The volume of methane (mL) was then calculated by multiplying the total gas produced at 24 hours by the corresponding methane percentage in each sample, as per the formula:
Methane production (mL) = Total gas production (mL) × Methane (%)

2.5. In Vitro True Digestibility 
In vitro true digestibility (IVTD) was determined using the Daisy Incubator (Ankom Technology, Macedon, NY, USA) following the method described by Ankom (2002). Approximately 0.5 g of each ground sample was weighed into Ankom F57 filter bags, which were previously rinsed in acetone and dried at 60°C. Bags were heat-sealed and recorded for initial weights. Incubations were conducted in four digestion jars of the Daisy Incubator D220 at 39°C for 48 hours. Each jar contained rumen fluid and buffer solution, with samples run in triplicate. Two blank bags were included in each jar for correction. After 48 hours, bags were removed, rinsed thoroughly with tap water until clear, and subjected to NDF extraction using the ANKOM2000 Fibre Analyzer to determine true digestibility, as this step removes microbial biomass adhering to the residues (Van Soest et al., 1991). IVTD was calculated using the following equation:
IVTD, % = 100 ‒ ((C − (A × D)) × 100 / B
Where: A is the tare weight of the F57 bag, B is the amount of NDF in the original dry sample, C is the amount of NDF remaining in the bag after incubation, and D is the blank bag correction factor.
2.6. Statistical Analysis 
Data was analyzed using one-way analysis of variance (ANOVA) with sample type as the main effect. Differences among means were determined using Duncan’s multiple range test at a significance level of P < .05. Statistical analysis was conducted using SPSS software version 21.0 licensed by Ondokuz Mayis University (SPSS Inc., Chicago, IL, USA).
3. results and discussion

3.1 Chemical Composition 
The chemical composition and cell wall structural components of the whole beech nuts (WB), beech nut shells (BS), and beech nut cores (BC) are presented in Table 1. Significant differences (P < .05) were observed among the three fractions for all analyzed parameters. The CP content was significantly higher in the BC (23.46%) compared to WB (16.24%) and BS (4.37%), aligning with patterns reported in the broader literature on nut by-products used as ruminant feed. Nut kernels and core fractions generally contain more concentrated nutritive components, including protein and energy, relative to shells and hulls, which are primarily structural and fiber rich. For instance, temperate nut by-products such as almond or walnut kernels and their processed fractions have been reviewed to contain appreciably higher protein and energy fractions compared with their corresponding shells or hull fractions, which are dominated by lignocellulosic compounds that dilute true protein content and limit fermentability in ruminant systems (Musati et al., 2023). The high CP in the cores is consistent with findings by Obranovic et al. (2024), who reported elevated protein concentrations in European beech nut, indicating their potential as a protein supplement in animal diets.
The EE content also varied significantly, with BC containing the highest EE content (19.93%), followed by WB (10.99%), while BS showed minimal lipid content (0.61%). The significantly higher (P < .05) EE content observed in the BC compared with WB and especially BS reflects the typical distribution of lipids in nut and seed by-products, where the kernel or core fractions are rich in oil, while the structural shell fractions contribute minimal fat. This pattern has been reported in evaluations of temperate nut by-products, where kernel fractions tend to concentrate lipids and energy-rich components, in contrast to shells and hulls that are predominately fibrous and low in lipid content, resulting in markedly lower EE values in shell fractions. Such contrasts in lipid distribution have been highlighted across studies of tree nut by-products and their compositional variability for ruminant feeding applications, emphasizing that core or kernel portions consistently exhibit higher fat content than shells (Musati et al., 2023; Obranovic et al., 2024).
Crude fiber was markedly higher in BS (49.59%) than in WB (21.40%) or BC (4.68%), indicating that shells are predominantly fibrous with limited nutritive value apart from structural carbohydrates. Neutral detergent fiber and ADF were also greatest in BS (75.77% and 61.96%, respectively), indicating low digestibility, while BC showed minimal NDF (15.83%) and ADF (7.53%) contents. These values are comparable to those reported for other nut shells, such as hazelnut and walnut shells, which exhibit high fibre and lignin contents, limiting their inclusion levels in livestock diets (Ozcan and Kilic, 2018; Fordos et al., 2023; Abdulwahid et al., 2024).
Ash content varied significantly among fractions (P < .05), with BS having the highest value (4.60%) and BC the lowest (3.65%). The higher ash content in the shell fraction (BS) likely reflects the accumulation of mineral matter and structural residues typical of hard, fibrous botanical tissues, whereas the lower ash in the core fraction (BC) corresponds with a greater proportion of organic nutrients. This pattern has been observed in other nut and seed by-products where shells or hulls exhibit elevated ash relative to kernels or fleshy fractions, reflecting differences in tissue functions and mineral deposition (Heuze et al., 2020).
The NFE, representing the carbohydrate fraction excluding fiber, was similar between WB (47.22%) and BC (47.31%) but lower in BS (41.75%). This suggests that these fractions contain substantial proportions of readily fermentable carbohydrates, including starches, soluble sugars, and other non-fibrous carbohydrates. In ruminant nutrition studies, higher NFE or non-fibrous carbohydrate fractions are widely recognized as key contributors to dietary energy, as rumen microbes more rapidly ferment them than fiber fractions and can support higher total digestible nutrient yields when included in rations (Detmann and Valadares Filho, 2010). Nut by-product research supports this trend: for example, analyzes of almond hulls and similar fruit residue fractions highlight appreciable sugar and soluble carbohydrate content, which has been linked to their use as energy-supplying feed components in ruminant rations (Heuze et al., 2020). 
Regarding cell wall components, HCEL and CEL were highest in BS (13.80% and 31.95%, respectively), reflecting the highly lignified structure of the shells (ADL: 30.01%). This structural complexity reduces their fermentability and digestibility in the rumen (Van Soest, 1994). In contrast, BC contained minimal lignin (3.65%) and CEL (3.88%), indicating superior digestibility potential, which aligns with the nutritional profiles of other nuts evaluated for livestock feeding (Alina Marc et al., 2024).	Comment by dell: Never start para with adjective
The results demonstrate that BC are nutritionally superior, offering higher protein and lipid contents, while the shells are predominantly fibrous with limited direct nutritive value but potential applications as roughage sources in small proportions. Whole beech nuts combine moderate protein and lipid with significant fiber, suggesting partial suitability as a supplemental feedstuff, contingent on digestibility and anti-nutritional factors, which warrant further investigation.



[bookmark: _Hlk202084658]Table 1. Chemical contents and cell wall structural components of beech nuts (whole, shell, and core) as DM%
	Parameters
	WB
	BS
	BC
	SEM
	P value

	Organic matter
	95.87b
	95.39c
	96.34a
	.137
	< .001

	Ash
	4.12b
	4.60a
	3.65c
	.137
	< .001

	Crude protein
	16.24b
	4.37c
	23.46a
	2.782
	< .001

	Ether extract
	10.99b
	0.61c
	19.93a
	2.797
	< .001

	Crude fiber
	21.40b
	49.59a
	4.68c
	3.553
	< .001

	Nitrogen-free extracts
	47.22a
	41.75b
	47.31a
	.963
	.001

	Neutral detergent fiber
	36.59b
	75.77a
	15.83c
	3.797
	< .001

	Acid detergent fiber
	28.25b
	61.96a
	7.53c
	3.932
	< .001

	Acid detergent lignin
	14.24b
	30.01a
	3.65c
	3.830
	< .001

	Hemicellulose
	8.33b
	13.80a
	8.29b
	.955
	.001

	Cellulose
	14.00b
	31.95a
	3.88c
	2.104
	< .001


WB: whole beech nuts, BS: beech nut shells, BC: beech nut cores, abc: means with different superscripts in the same row were significantly different (P < .05).
3.2 In Vitro Gas Production 
The in vitro gas production of WB, BS, and BC over 96 hours is presented in Table 2. Significant differences (P < .05) were observed among the three fractions at all incubation times. Beech nut cores exhibited the highest gas production throughout the incubation, reaching 37.38 mL/200 mg DM at 96 hours, which was significantly greater than that of WB (23.11 mL) and BS (20.93 mL). The superior fermentability of BC is attributable to its higher content of readily fermentable nutrients, particularly EE (19.93%) and CP (23.46%), as observed in Table 1. The markedly higher cumulative gas production of beech nut cores (BC) throughout the 96-hour in vitro incubation reflects their greater fermentability, which is consistent with patterns reported in studies examining rumen fermentation of feeds with differing nutrient profiles. Feed substrates with higher concentrations of readily fermentable nutrients, such as CP and non-structural carbohydrates, generally support more extensive microbial fermentation and greater gas output than more fibrous or slowly fermentable materials. For example, evaluations of a broad range of agro-industrial by-products showed that more degradable substrates with higher organic matter and lower structural fiber generated larger gas volumes in in vitro incubations compared with less degradable feeds rich in fiber fractions. This demonstrates that chemical composition, particularly protein and fermentable carbohydrate content, strongly influences the extent of gas production during ruminal fermentation (García-Rodríguez et al., 2019).
In studies focused specifically on nut by-product fractions, similar trends have been observed; kernel or flesh components with greater nutrient density typically yield greater gas production than hulls or shells, which are dominated by structural carbohydrates resistant to microbial breakdown. For instance, in vitro assessments of nut hulls and other agricultural by-products consistently report higher gas production from substrates with relatively greater proportions of fermentable substrates compared with those high in fiber and lignin, reinforcing the link between nutrient composition and fermentation kinetics (Kordi and Naserian, 2020).
The beech nut shell fraction (BS) showed the lowest total gas production throughout the in vitro incubation (20.93 mL after 96 hours), which the high lignocellulosic content and ADL (30.01%) in BS (Table 1) likely limited microbial degradation and fermentation. High levels of structural fiber and lignin restrict the accessibility of rumen microbes to carbohydrate substrates, slowing fermentation and reducing the volume of gas produced. For instance, responses to high-fiber forage and agricultural residues in in vitro systems consistently show that feeds with elevated ADL and other lignocellulosic components yield lower cumulative gas production than more digestible substrates, because lignin serves as a physical barrier to microbial enzyme activity and limits cell wall degradation. This relationship between high lignin content and suppressed gas output has been reported across diverse feed evaluation studies, demonstrating lignin’s negative impact on microbial digestion and fermentation kinetics (Bashar et al., 2024).
Whole beech nuts showed intermediate gas production values, with cumulative gas volumes significantly lower than BC but higher than BS, reflecting their mixed nutrient composition. Similar patterns have been reported in recent research, where in vitro fermentation of feeds with moderate levels of both fermentable and structural components produced gas volumes between highly degradable and highly fibrous substrates. For example, studies comparing by-products and conventional feeds found that mixtures or feed fractions with balanced nutrient profiles yielded intermediate total gas production during in vitro incubation, consistent with their intermediate degradability and energy availability (Baffa et al., 2023).	Comment by dell: Never start with adjective
The pH values after 96 hours ranged narrowly from 6.75 to 6.78 with no significant differences (P > .05), indicating that inclusion of these feed fractions did not adversely affect rumen buffering capacity under in vitro conditions. Similar observations were noted by Jayanegara et al. (2012) when evaluating tannin-rich tree seeds, suggesting that despite differing fermentation rates, final pH remained stable within the optimal ruminal fermentation range.
The high gas production observed for BC indicates superior fermentability, suggesting its potential as an energy-dense feed ingredient. Conversely, BS demonstrated limited fermentative potential due to its high lignin and fibre contents, indicating restricted nutritive value but possible applications as a fibre source in small dietary proportions. Whole beech nuts may serve as an intermediate feed resource, depending on the processing method used to reduce shell content and enhance digestibility.
3.3 Gas Production Parameters and Methane Emissions 
The gas production kinetics, methane production, OMD, ME, NEL, and IVTD of beech nuts and their parts are presented in Table 3. The gas production rate (c) was significantly highest (P < .05) for BC (0.14 mL/h), followed by WB (0.09 mL/h) and BS (0.07 mL/h). Similarly, total potential gas production (a+b) was greatest in BC (36.02 mL), indicating its superior fermentability due to higher concentrations of readily fermentable nutrients such as CP and EE.
Methane production varied significantly (P < .05) among treatments. BS produced the highest methane volume (5.29 mL), while BC showed the lowest (2.30 mL). The lower methane emission from BC could be attributed to its higher lipid content (19.93%), which has been shown to suppress methanogenesis by reducing hydrogen availability in the rumen. Recent in vitro studies confirm that feeds rich in lipids can significantly reduce methane formation by limiting hydrogen availability and inhibiting methanogenic archaea activity. High-fat substrates decrease fiber fermentation and redirect metabolic hydrogen toward biohydrogenation rather than methanogenesis. Similar reductions in methane have been reported for oil-rich feed ingredients such as nut by-products and oilseeds, where lipid supplementation lowered methane (CH₄) yield without severely affecting total gas production (Olivares-Palma et al., 2013; Bayat et al., 2018; Christodoulou et al., 2025).
Organic matter digestibility was highest in BC (62.82%) compared to WB (43.06%) and BS (32.25%; P < .05). The significantly higher OMD of the BC compared with WB and especially the BS is consistent with well-established relationships between structural fiber composition and ruminal degradability. Feedstuffs with lower levels of NDF and lignin generally offer greater accessibility to rumen microbes, resulting in higher organic matter breakdown and improved digestibility, whereas high fiber and lignin contents impede microbial attachment and enzymatic degradation, leading to lower digestibility. This inverse relationship between lignocellulosic fractions (particularly lignin and NDF) and OMD has been documented across in vitro and in vivo feed evaluation studies, where materials rich in fibrous structural components consistently exhibit reduced degradability compared to those with lower fiber burdens (Cavallini et al., 2023; Wali and Nishino, 2023).
The ME and NEL values followed similar trends. Beech nut cores recorded the highest ME (12.29 kcal/kg DM) and NEL (7.97 kcal/kg DM), significantly outperforming WB and BS. In contrast, BS exhibited the lowest ME (4.53 kcal/kg DM) and NEL (1.80 kcal/kg DM), confirming its limited nutritive value beyond providing structural fibre. The observed pattern in energy values reflects the known influence of nutrient composition on energy content in ruminant feeds. Feeds that are richer in OMD and low in structural fiber tend to yield higher estimated ME and NEL values in gas production-based evaluations, whereas fiber-rich, lignified materials provide limited fermentable substrate and consequently lower energy values. This pattern has been reported across ruminant feed evaluation studies using gas production techniques, where variation in chemical composition (especially digestibility and fiber fractions) directly affects calculated energy values (Abaş et al., 2005; Altan and Acar, 2025; Scicutella et al., 2025).
3.4 In Vitro True Digestibility 
In vitro true digestibility was significantly highest in BC (95.82%), indicating nearly complete digestibility under in vitro conditions (P < .05). Whole beech nuts showed moderate IVTD (72.29%), while BS exhibited minimal digestibility (36.32%). These results support the view that nut cores are highly digestible. In contrast, shells exhibited restricted rumen digestibility due to their high lignocellulosic composition, which is consistent with recent in vitro studies showing that substrates high in lignin and structural carbohydrates have substantially lower digestibility and limited microbial degradation in rumen fermentation systems (Van Soest, 1994; Chen et al., 2024).
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Table 2. In vitro gas production (mL/200 mg DM) and pH after 96 hours of incubation for beech nuts (whole, shell, and core)
	
	                                      Incubation time (hours)
	pH

	
	3
	6
	9
	12
	24
	48
	72
	96
	

	WB
	8.09b
	12.07b
	13.86b
	17.08b
	20.68b
	21.96b
	22.47b
	23.11b
	6.78

	BS
	3.53c
	7.33c
	9.512c
	12.36c
	14.94c
	17.93b
	20.65b
	20.93b
	6.75

	BC
	15.10a
	22.28a
	28.07a
	30.34a
	33.35a
	35.24a
	36.50a
	37.38a
	6.75

	SEM
	1.298
	1.709
	2.167
	2.093
	2.163
	2.127
	2.092
	2.162
	.012

	P value
	< .001
	< .001
	< .001
	< .001
	< .001
	< .001
	< .001
	< .001
	.629


WB: whole beech nuts, BS: beech nut shells, BC: beech nut cores, abc: means with different superscripts in the same column were significantly different (P < .05). 

Table 3. Gas production parameters, methane, OMD, ME, NEL, and IVTD of beech nuts (whole, shell, and core)
	
	c 
(mL/h)
	a+b 
(mL)
	Methane 
(mL)
	OMD 
(%)
	ME
(kcal/kg DM)
	NEL
(kcal/kg DM)
	IVTD
(%)

	WB
	.09b
	22.62b
	3.98b
	43.06b
	6.69b
	4.12b
	72.29b

	BS
	.07b
	20.52b
	5.29a
	32.25c
	4.53c
	1.80c
	36.32c

	BC
	.14a
	36.02a
	2.30c
	62.82a
	12.29a
	7.97a
	95.82a

	SEM
	.009
	2.062
	.371
	3.429
	.879
	.683
	8.650

	P value
	.002
	< .001
	< .001
	< .001
	< .001
	< .001
	< .001


WB: whole beech nuts, BS: beech nut shells, BC: beech nut cores, c: gas production rate, a+b: total gas production, OMD: organic matter digestibility, ME: metabolizable energy. NEL: net energy lactation, IVTD: in vitro true digestibility. abc: means with different superscripts in the same column were significantly different (P < .05).



4. Conclusion

This study demonstrated that the nutritional and fermentative characteristics of beech nut fractions vary markedly between the core, shell, and whole nut. Beech nut cores showed superior feed quality, characterized by high crude protein and ether extract contents, low fiber and lignin concentrations, high in vitro digestibility, and low methane emissions, making them a suitable protein and energy-rich feed resource for ruminants. In contrast, beech nut shells,  with their high lignocellulosic content and poor digestibility and high methane emissions, possess limited nutritional value and may serve only as a structural fiber source at low inclusion levels. Whole beech nuts exhibited intermediate values, suggesting their nutritional potential depends on processing to reduce the shell fraction and enhance the accessibility of fermentable nutrients. Further in vivo studies are recommended to assess animal performance and establish optimal inclusion rates for practical feeding applications.	Comment by dell: Rewrie whole cocnlusions and make it more assertative
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