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Abstract

Declining soil fertility status and poor agronomic management practices are major
factors of declining quality for malt barley in the Ethiopian highland area, particularly
in the study area. To address these major challenges, a two-year (2022-2023) field
experiment was conducted in experimental fields in the Welmera district to evaluate
the effects of mixed-use mineral N fertilization and compost rates on malt barley
quality parameters. A randomized complete block design with factorial arrangements
of five N rates (0, 23, 46, 69, and 92 kg ha") and four compost rates (0, 2.5, 5, and
7.5t ha') was tested in three replications. According to the results, both compost
and mineral nitrogen fertilizer were significantly influenced thousand-seed weight,
protein content, malt extract, beta-glucan content, malt friability and germination
energy of malt barley grain, with seasonal variations. Increased mineral N levels
enhanced seed weight and grain protein content but reduced malt extract yield and
malt friability, while compost improved grain protein content and malt beta-glucan.
These influences were improved by organic compost and mineral fertilization, which
enhanced multiple quality parameters. The results clearly demonstrated that applica-
tion of 69 kg N ha' and 5 t ha' of compost rate in moderation, which optimized the
malt quality parameters, met industry standards without increasing protein concentra-
tion or diminishing malt extract yield of malt barley grain. These mixed management
approaches not only enhance the quality of malt barley grain for the beer industry but
also help soil fertility restoration and guarantee long-term production sustainability
for smallholder farmers in the Ethiopian highlands. For robust and wide applicability,
subsequent multiple-seasons and multiple-locations studies with additional quality
assessments are recommended.
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Introduction

Barley (Hordeum vulgare L.) has high genetic diversity with distinct geographic
population structure. The Western Fertile Crescent is considered the primary center
of diversity and domestication of the barley crop, while several reports most strongly
support the Eastern part of the Fertile Crescent (Iran or the Himalayas) as the second
primary center of barley diversity and domestication [1]. Barley is believed to have
been domesticated from the wild crop in Ethiopia, Morocco, and Tibet, although
robust traces are pointing towards the Middle East, particularly in the region that

is encompassed by Israel and Jordan [2]. Morocco, Ethiopia, Algeria, Tunisia, and
South Africa were the top five countries in Africa producing barley grain with predicted
production, area coverage, and productivity of 2.8, 2.4, 0.56, 0.43, and 0.33 million
tons; 1.5, 0.96, 0.53, 0.51, and 0.1 million hectares; and 1.87, 2.45, 1.06, 0.84, and
3.5 tons/ha, respectively [3]. In Ethiopia barley ranks fifth in the acreage and produc-
tion of cereal crop, following tef, maize, wheat and sorghum [4], while accounting for
approximately 25% of the continent’s total barley production [5].

Barley is a critically important crop in Ethiopia for grain food, animal feed using
straw, malt production (brewing industry), and income generation of smallholder
farmers predominantly found in the highlands, where its use is partially embedded
in traditional recipes such as ‘Injera,’ and other types of food [6,7]. However, its
productivity (2.18t ha) is very low compared to the world average (2.89 t ha') and
its potential productivity of 6 t ha™' [8]. This due to low soil fertility levels, high soil
acidity, insufficient nutrient inputs application, limited application of organic amend-
ments, and poor agronomic management practices, which are major causes of
declining yields for malt barley in Ethiopia [8—10]. Due to low production and qual-
ity capacity and outdated malting factories, Ethiopia is forced to allocate millions
of dollars annually to import malt barley to meet brewery demands at the national
level [11].

Numerous malt barley quality parameters influence the suitability of malt barley
production for an acceptable range of malt and beer factories’ beer production [12].
The crucial malting barley includes malt extract yield, diastatic power, grain size, and
grain protein accumulation [13]. Malt extract yield based on grain parameters such
as grain size, shape, hardness, moisture content, dormancy and free from physical
impurities, as well as biochemical factors like protein concentration, beta-glucan,
starch concentration and enzyme activities [12]. While barley grain is accessibility of
for malting purposes, its quality is below standard and does not meet the standards
of malting quality. These due to different factors such as the specific variety, soil prop-
erties, and applied fertilizer like N fertilization [14].

Nitrogen fertilizer can be considered a main factor in enhancing the production of
malt barley, as it directly affects both yield and quality, as supported by multiple stud-
ies [9,15—19]. Similarly, different scholars discovered the effect of N fertilization on
different quality parameters of malt barley grain such as grain protein concentration
[20-22], malt extract yield [23], malt B-glucan [24], malt friability [25], hectoliter weight
[22] and germination capacity [26]. However, the continuous utilization of artificial
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fertilizer sources results in SOM decline and decreased soil quality of agricultural fields, and its high dose affects microbial
activity, leads to stunted plant growth, and reduces soil fertility [27] and also influences the agricultural production, which
leads to reduced returns [28], which influences the production and productivity of crop plants. Similarly, continuous reli-
ance on mineral fertilizers, the high cost, and incorporation with organic fertilizer sources create major issues by adversely
impacting the soil nutrient availability, quality, and soil structure [29].

Compost is more effective in increasing barley yield and its components, such as grain weight, straw weight, and total
yield, and nutrient uptake [30,31]. Additionally, it plays a significant role in improving soil physical and chemical properties
[32,33]. Moreover, their easy accessibility, low cost, and eco-friendly nature make them an advisable choice for enhancing
soil fertility and safeguarding the environment [34,35]. Even if organic compost has numerous merits, many farmers are
rejecting utilizing it alone due to its slow-release fertilizers, and labor intensive [36—38].

Combined application of organic and mineral amendments can help address the above problems and improve soil
properties, ultimately enhancing crop yield as well as quality and finally increasing the economic benefits of malt barley
production [10,13]. Although extensive international research has been conducted on mineral N management in barley
production, relatively little attention has been given to combined approaches that conjointly use natural and mineral N
fertilizer sources under Ethiopian condition. This knowledge gap is particularly critical in the Ethiopian highlands, where
compost can provide multiple advantages such as gradual nutrient release, improved soil structure, and restoration of soil
organic matter, yet its potential role in enhancing malt barley quality parameters remains unclear. To address this research
gap, the current experiment investigates the integrated application of compost and chemical nitrogen to optimize malt
barley quality in the Ethiopian highlands, particularly in the study area, while balancing the need for higher yield with the
quality standards of the brewing industries. The specific objectives were to (1) evaluate the effects of the integrated use of
nitrogen and compost fertilizer rate on malting quality traits and (2) identify the optimum rate of integrated use of mineral
nitrogen and compost fertilizer rate that meets the malt quality standard for the malt barley growing area of the Ethiopian
highlands.

Materials and methods
Description of the study area

Two sets of field experiments were conducted during the 2022 and 2023 cropping seasons at Holetta Agricultural
Research Center (HARC) in the Welmera district of the Oromia Regional State, Ethiopia. The experimental site is located
about 30 km west of Addis Ababa at an altitude of 2400 meters above sea level. The experimental site (HARC) is located
at 9° 3/ 19.43" N, 38° 30’ 25.43" E, and 30 km west of Addis Ababa, at an altitude of about 2400 meters above sea level
(Fig 1). The area receives an average annual rainfall of1100 mm, with most precipitation occurring from June to Septem-
ber. The average minimum and maximum air temperatures are 6.2°C and 22.1°C, respectively [29]. The dominant soil
type at the study area is Eutric Nitisols, and the district is one of the major barley-producing areas of the central Ethiopian
highlands.

Experimental materials and design

Two rows of the malt barley variety Ibon174/03 were used as test crops for this study. Compost was used as an organic
fertilizer source in the experiment. Urea [CO (NH,),] (46% N) and triple superphosphate (46% P,O,) were used as nutrient
sources of nitrogen and phosphorus fertilizers, respectively. The experiment was a factorial randomized complete block
design with the treatments studied being five N levels (0, 23, 46, 69, and 92 kg N ha™') and four compost levels (0, 2.5, 5,
and 7.5 t ha') and three replications for each treatment. A gross plot size of 2 x 3 m was used, and each treatment had 15
rows, each 3m long and 20 cm between rows. The net plot size was 2 x 2.6 m (central 11 rows of 3 m length) leaving the
two outermost rows on both sides of each plot and 0.5 m row length at both ends of each plot to avoid border effects.
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Fig 1. Weather data (2022 and 2023) of growing seasons at experimental site.

https://doi.org/10.1371/journal.pone.0343009.9001

The spacing between plots and blocks was 0.5 m and 1 m, respectively. Triple superphosphate (46% P) was used as a
source of phosphorus fertilizers. To avoid N losses by leaching, urea application was done in two splits, i.e., half at sowing
time and the other half at the stages of tillering. The experimental fields were under potato and rapeseed cultivation in the
years 2022 and 2023, respectively. The plots were kept free of weeds by hand weeding at different growth stages of the
crop. Other agronomic practices were applied based on local research recommendations.

Crop management

The experimental land was prepared by plowing. The 1% ploughing was done by tractor, and the 2™ and 3™ ploughing by using
oxen. Before sowing, the field was cleaned and prepared properly to receive treatments. Field layout was done based on the
design of the experiment, and treatments were assigned to each experimental plot randomly. Seed was sown on 16 July 2022
and 8 July 2023 by hand drilling seeds in the rows at a recommended rate of 125 kg ha". Phosphorus as TSP (46% P,0,)
was applied in the rows at the time of sowing, and nitrogen was applied based on the nature of treatments. Compost was
applied to all plots (except the control) one month before planting and incorporated into the upper 1520 cm of the soil layer.
Furthermore, during both growing years, no disease and insect infestations were occurred in the experimental fields.

Data collection and measurement

Thousand kernel weights was determined by taking three samples of thousand seeds weight taken from the grain yield
of each net plot of experimental field. Seeds were counted using an electronic seed counter and weighed with a sensitive
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balance, and adjusted to 12.5% moisture content of the grain. Grain moisture content was measured by using apparatus
Grain Analysis Computer (GAC) 2100) (perusing protein analysis computer) as described in the AACC (2000) method.
Hectoliter weight was determined on dockage-free samples using a standard laboratory hectoliter weight apparatus (grain
analysis computer (GAC)) as described in the AACC (2000) method. The protein content analysis was analyzed at the
Holetta Agricultural Research Center laboratory using the standard operating procedures were measured by the Kjeldahl
method (grain analysis computer (GAC) 2100) (perusing protein analysis computer) as described in the AACC (2000)
method. Malt 3-glucan was determined using the Mixed-Linkage 3-Glucan Assay Kit according to the streamlined proce-
dure, following AOAC Method 995.16 and AACC Method 32-23. Germination capacity was determined from 100 seeds
germinated in a Petri dish after 72 hours. The germinated kernels are counted and the result is expressed as a percent-
age of the total. Germination energy was tested simultaneously with germination ability, and it was carried out on day four.
The seeds that sprouted on day four after sowing were counted, and the proportion of sprouted seeds was calculated as a
percentage.

Statistical analysis

All collected data were subjected to the analysis of variance (ANOVA) procedure. Prior to analysis, normality of residuals
was tested using the Shapiro—Wilk test, and homogeneity of variances was tested using Levene’s test residuals were
tested. Once these assumptions were satisfied, the collected data was subjected to the ANOVA using R statistics software
(ver. 3.4.1, 2017). A combined analysis of the two-year data was performed after testing the homogeneity of variances
using an F-test, as described by [39].

Ethics statement

This study did not involve human participants or animals. No specific permits were required for conducting the field exper-
iments, and the research complied with institutional, national, and international guidelines for the responsible conduct of
agricultural field studies.

Results
Thousand seed weight

The analysis of variance demonstrated that thousand seed weight (TSW) was very highly significantly affected by nitrogen
fertilizer rate (P<0.001) and by the two-way interaction of N rate and growing season. Besides, the two-way interaction of
compost and growing season had a significant effect (P<0.01) on the thousand seed weight of malt barley grain. How-
ever, the main effect of compost rates, the main effect of growing season, and the remaining two- and three way interac-
tion had a significant effect on thousand seed weight (Table 1). The maximum TSW of (45.75 g) was recorded at N rates
of both 92 kg ha-* and 69 kg ha-", and these values were statistically similar to the N rate of 46 kg ha' (Fig 2). Moreover,
even a small application of 23 kg ha-' N fertilizer increases in TSW from 42.93 g under zero or nil nitrogen to 44.20 g,
indicating that even low nitrogen rate applications positively affect TSW (Fig 2).

The two-way interaction effects of mineral N and growing years highly affected (P <0.001) the thousand seed
weight. The highest (45.83 g) mean value of TSW was obtained at 92 kg ha' N fertilization rates during the 2022
growing season, whereas the lowest (41.48g) mean of thousand seed weight was obtained from plots that had
no mineral N rates during the 2023 growing years (Fig 3A). The two-way interaction effects of compost rates and
growing years were highly affected (P <0.001) the thousand seed weight. The highest (45.88 g) mean value of TSW
was obtained at 7.5t ha' a full dose of compost rates during the 2022 growing season, whereas the lowest (43.12 g)
mean of thousand seed weight was obtained from plots that had was produced on plots treated with 5 t ha-" during
the 2022 cropping season (Fig 3B).
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Table 1. The effects of organic compost and nitrogen fertilization rates on selected quality of malting barley grown in the central highland of

Ethiopia.

Factor TSW MC HL MAEX GPC Fria Gluc GC GE
Nitrogen 29.37%** 0.074ns 2.36Ms 19.16%** 10.02%** 56.64*** 10234 1*** 52.40%** 81.19%**
Compost 7.74N8 0.052Ns 12.99N8 13.90%** 4.80%** 19.78*** 49044*** 17.37** 7.89%**
Year 10.27"s 2.55%* 192.81%** 90.48*** 3.55%** 0.87"s 42175%** 0.09NS 3.24N8
N*Year 37.69%** 0.131Ns 14.32%* 2.03%** 0.09Ns 0.20N 278Ns 2.49NS 1.01Ns
N*Com 5.01N8 0.078Ns 5.10N8 1.23** 0.11Ns 0.91Ns 801N 11.67%** 1.25N8
Com* Year 17.05%* 0.0569Ns 13.35N8 1.71%* 0.35%* 3.92* 2339* 2.76NS 7.85%**
N*Com*Year 5.06Ns 0.146* 5.25N8 0.48Ns 0.17* 0.79Ns 774N 0.63NS 1.08Ns
MSE 3.99 0.077 5.06 0.51 0.078 1.1 592 1.89 0.96
CV (%) 4.47 2.38 3.55 0.90 2.53 1.33 4.71 3.30 1.03

TSW =thousand seeds weight, MC =moisture content, HL=hectoliter weight, MAEX =malt extract yield, GPC =grain protein content, Fria=Malt friability,
Gluc=beta-glucan, GC =germination capacity percentage, and GE =germination energy. Means within a column followed by the same letter are not
significantly different at the 5% probability level *, **, *** and NS, significant, highly significant and non-significant, respectively.

https://doi.org/10.1371/journal.pone.0343009.t001
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Fig 2. Main effects of N fertilizer rates on thousand seed weight.

https://doi.org/10.1371/journal.pone.0343009.9002

Moisture content

The moisture content is one of the quality parameters that affect the quality of the product, storage, and processing of malt
barley. The analysis of variance for moisture content of malt barley revealed that, excluding growing years, both the main
and interaction effects of compost and nitrogen fertilizer rates over growing seasons were not significant (p<0.05)
(Table 1). On the other hand, the three-way interaction effect of N fertilizer rates, compost application rates, and growing
seasons was statistically significant at (p<0.05) on the moisture content of malt barley. The highest mean value of mois-
ture content (11.79%) was recorded during the 2022 cropping years, while the smallest mean value of moisture content
(11.50%) was obtained during the 2023 growing years (Fig 4).

The analysis of variance revealed that the interaction effect of organic (compost) and N fertilizer rates showed a signif-
icant difference in the moisture content of barley grain which means the influence of compost fertilizer rates depends on
the application rate of N fertilizer. The maximum mean value of moisture content (12.20%) was recorded with 7.5 t ha™
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applied compost and 92 kg ha™' nitrogen fertilizer rates during the 2022 cropping season, whereas the lowest mean of
moisture content (11.22%) was obtained from plots that had the combination of 7.5 t ha' compost and 92 kg ha™ nitrogen

fertilizer rates during the 2023 growing season (Fig 5).

Hectoliter weight

Analysis of variance revealed that hectoliter weight was very highly significant (P <0.001), affected by the main effect
of the growing season and significantly affected by the interaction effect of nitrogen and growing season (Table 1). The
maximum (64.66 kg hl') and minimum (62.13 kg hl"") hectoliter weights were scored in the 2022 growing season and 2023

growing season, respectively (Fig 6).
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https://doi.org/10.1371/journal.pone.0343009.9006

The combined mean values of hectoliter weight of the growing season and rate of nitrogen fertilizer application show
the highest hectoliter weight (65.75 kg hl'') was recorded at 46 kg nitrogen fertilizer application during the 2022 growing
season, while the lowest (61.03 kg hl") hectoliter weight was recorded at 46 kg ha™' nitrogen fertilizer application during
the 2023 growing season (Fig 7).

Malt extract yield

The analysis of variance revealed that malt extract had a highly significant (P<0.001) difference because of the main
effects of nitrogen fertilizer, organic compost, and growing seasons. Besides, the malt extract was also significantly
influenced by the interaction effects of nitrogen and compost fertilizer (P<0.01), nitrogen and growing season (P <0.05),
and compost and growing season (P <0.05) of malt barley. However, this parameter was not significantly affected by the
interaction effects of fertilizer rates of nitrogen, compost, and growing season (Table 1).
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The highest malt extract (80.44%) of malt barley was measured from the lowest N fertilizer application (0 kg ha '), followed
by a 23 kg ha ' nitrogen fertilizer application, which was 80.25%, while the lowest malt extract (78.28%) was observed from
the highest nitrogen fertilizer rates (92 kg ha ), which was statistically different from all the other nitrogen fertilizer rates (Fig 8A).
The highest malt extract (80.13%) of malt barley was observed from the lowest organic compost application rates (2.5 t ha-

"), followed by 0 t ha ' of compost rates, which was 79.99%, while the lowest malt extract (78.69%) was recorded from the
highest compost fertilizer rate (7.5 t ha '), which was statistically different from all the other compost rates (Fig 8B). The malt
extract of malt barley in the growing seasons was significantly different, with the highest malt extract (80.37%) recorded from
the 2022 cropping season, while the lowest malt extract (78.63%) was observed in the 2023 growing season (Fig 8C).

The combined use of nitrogen and compost fertilizer rates significantly impacts the malt extract in malt barley grain. The
malt extract was significantly influenced by the interaction effects of nitrogen and compost fertilizer (P <0.01). The high-
est mean (81.87%) of malt extract was recorded from non-fertilized plots or control treatments, whereas the lowest mean
(77.58%) of malt extract was observed from the combination of 92 kg N ha' with 7.5 t ha™' (Fig 9A). The two-way interac-
tion effects of nitrogen rates and growing years significantly affect the malt extract in malt barley grain. The highest mean
(81.19%) of malt extract was recorded from 23 kg N ha™' during the 2022 growing year treatments, whereas the lowest
mean (77.16) of malt extract was observed from the application of 92 kg N ha' during the2023 growing year (Fig 9B). The
two-way interaction effects of compost rates and growing years significantly affect the malt extract in malt barley grain.
The highest mean (81.06%) of malt extract was recorded from 2.5 t ha™' of compost rates during the 2022 growing year
treatments, whereas the lowest mean (77.84%) of malt extract was recorded from the application of 7.5 t ha™' of compost
amendments during the 2023 growing years (Fig 9C).

Grain protein content

The grain protein concentration of malt barley grain was highly significantly (P <0.001) influenced by the sole effect of
mineral N, compost rates, and growing years. Besides, the interaction effect of organic compost, nitrogen rates, and grow-
ing seasons significantly (P <0.05) impacted the protein content of malt (Table 1). The grain protein concentration levels
are positively correlated with N fertilizer rates, which is increased protein content of the grain with N fertilizer rates. The
maximum (11.82%) grain protein concentration was measured from the maximum (92 kg N ha') application of N fertilizer
rates, whereas the lowest protein level was recorded from non-fertilized plots (Fig 10A). Plots fertilized with a maximum
(7.5 t ha') compost rate gave the highest (11.43%) protein level of malt barley grain, whereas unfertilized plots with
compost resulted in the lowest (10.61%) grain protein concentration, which shows that an increase of compost fertilizer
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Fig 9. Two-way Interaction effects of N and compost rates, N rates and growing year, compost rates and growing season on grain malt

extract.

https://doi.org/10.137 1/journal.pone.0343009.9009

levels raises the grain protein concentration of malt barley in the study area (Fig 10B). The highest (11.16%) grain protein
content was obtained during the 2023 main cropping season, whereas the lowest (10.82%) grain protein concentration
was recorded during the main cropping season (Fig 10C).

The maximum malt grain protein concentration (11.44%) in the 2023 growing year was recorded from 7.5 t ha™' of com-
post application, while the lowest (10.40%) malt grain protein content in the 2022 growing season was obtained from
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0 t ha' of compost application, which was statistically similar to the grain protein accumulation recorded in 2022 at 2.50 t
ha of compost application rate (Fig 11).
The highest (12.33%) grain protein concentration was recorded at the highest input application of 92 kg N ha'* com-

bined with 7.5 t ha™' compost rates during the 2023 growing years while the lowest (9.39%) grain protein content was
recorded at nil application of N fertilizer with 2.5 t ha™' of compost rates during the 2022 growing year (Fig 12).

Malt friability content

The ANOVA analysis revealed that the main effect of chemical N fertilization and compost fertilizer sources had a highly
significant (P<0.001) effect on the malt friability content of malt barley grain; however, the interaction effects were not
significant except for the combination of cropping season and organic compost fertilizer levels (Table 1). The N fertilization
levels are inversely correlated with the malt friability content and the highest obtained from the non-fertilized plots with N
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Fig 11. Two-way interaction effect of compost rates and growing years on grain protein content.

https://doi.org/10.1371/journal.pone.0343009.9011

PLOS One | https:/doi.org/10.1371/journal.pone.0343009 February 17, 2026

1727


https://doi.org/10.1371/journal.pone.0343009.g010
https://doi.org/10.1371/journal.pone.0343009.g011

PLO\Sﬁ\\.- One

Growing Year —@— 2022 —— 2023

13.51 CV =2.53%
13.0- MSD = 0.92

— 12.51
X

= 12.04
c

£ 1.5
S 11.01
8 11.0
.g 10.57
© 10.0
9.5
9.0

8.51

S S N S S o i hd i o 8 el o o 0] o o o o o
o Q- ‘i? §, @q’ g@fv S ‘l':" he & Qq' A 5* y.

Nitrogen (kg ha™") : Compost (t ha™")

Fig 12. Three-way interaction effect of compost, N fertilizer rates, and growing year on grain protein content.

https://doi.org/10.1371/journal.pone.0343009.9012

fertilizer rates (81.13%), followed by 23 kg N ha™' (80.73%) and 46 kg N ha™' (79.77%), whereas the lowest (77.81%) fria-
bility concentration was measured from the highest (92 kg N ha') chemical nitrogen fertilizer rate (Fig 13A). The highest
(80.65%) mean malt friability was recorded from the application of 7.5 t ha™' of compost rate, while the lowest (80.65%)
malt friability was obtained from the application of 2.5 t ha™ of compost rate (Fig 13B).

The maximum malt friability value (80.84%) was observed in the 2022 growing years at 7.5 t ha™' of compost applica-
tion rate, while the minimum (78.12%) was obtained from 2.5 t ha-" of compost applied in the 2022 growing years. In the
2023 growing year, the maximum value (80.47%) of malt friability was also observed at 7.5 t ha-", showing that maximum
compost rates consistently improved malt friability across both growing years (Fig 14).

Malt B-glucan

The analysis of variance showed that the beta-glucan of malt barley was highly significant (P<0.001) influenced by the
main effect of mineral N, organic compost, and growing year. Additionally, the interaction of growing year and compost
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Fig 13. Main effect of nitrogen and compost rates on malt friability.

https://doi.org/10.1371/journal.pone.0343009.9013
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fertilizer levels significantly (P<0.05) affected the malt beta-glucan of malting barley grain. However, other interaction
effects did not significantly impact the 3-glucan of malt barley (Table 1). The maximum (607.53 ppm) malt B-glucan was
obtained from the plots fertilized with 92 kg N ha™' which was followed by (544.66 ppm) recorded from 69 kg N ha™’,
whereas the lowest (433.55 ppm) malt 3-glucan was observed from control or unfertilized plots (0 kg N ha™') (Fig 15A).
Regarding the main effect of compost fertilizer rate on malt B-glucan concentration, the highest (572.53 ppm) malt
B-glucan content was obtained with the maximum application of compost (7.5 t ha'), whereas the lowest (478.36 ppm)
malt B-glucan was observed at the (2.5 t ha') compost application rate (Fig 15B). Regarding the effect growing year
on malt B-glucan, the highest (535.36 ppm) was recorded in the growing year, while the lowest mean (497.87 ppm) of the
malt B-glucan was obtained at 2022 growing year (Fig 15C).

Malt B-glucan content was significantly affected by compost fertilizer rate, with influences varying between growing
years. The maximum malt B-glucan content (590.72 ppm) in the second year (2023) was recorded from 7.5 ton ha™
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Fig 15. Main effect of nitrogen, compost rates and growing year on grain malt g-glucan.
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of compost application, and the lowest (447.89 ppm) malt B-glucan content in the first year of the growing season (2022)
was obtained from 2.5 t ha™' of the compost application (Fig 16).

Germination capacity

The analysis of variance results indicated that the main effects of N fertilization and compost rates highly (P<0.001) and
significantly (P<0.01) affected the germination capacity (GC) of malt barley kernels, respectively. Additionally, the interac-
tion effect of mineral N and compost levels highly (P<0.001) influenced the germination capacity. However, the other main
and interaction effects did not significantly affect the germination capacity of malt barley (Table 1).

The maximum (98.24%) germination capacity was recorded from the highest 92 kg N ha™* mineral N fertilization rate,
which was followed by 69 kg N ha (96.90%), while the lowest (94.78%) germination capacity was from the control or
unfertilized treatment, which was statistically similar to 23 kg N ha™' (Fig 17A). The highest (96.96%) grain germination
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Fig 16. Two-way interaction effects of compost rates and growing years on grain malt g glucan.
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Fig 17. Main effect of nitrogen and compost rates on germination capacity.

https://doi.org/10.1371/journal.pone.0343009.9017

PLOS One | https://doi.org/10.1371/journal.pone.0343009 February 17, 2026 14127



https://doi.org/10.1371/journal.pone.0343009.g016
https://doi.org/10.1371/journal.pone.0343009.g017

PLO\Sﬁ\\.- One

capacity was recorded from the highest 7.5 ton ha™' application of compost level, while the lowest (95.31%) GC of barley
grain was measured from unfertilized plots by compost (Fig 17B).

The maximum (98.92%) germination capacity mean was recorded from the combined application of 92 kg ha™' of N
fertilization and 7.5 t ha™' of compost fertilizer rates. However, the lowest (90.44%) germination capacity of malting barley
grain was obtained from a control or unfertilized plot (Fig 18).

Germination energy

The germination energy of malt barley grain was highly (P<0.001) responsive to the main effect of N fertilization, compost
rate, and interaction effects of compost fertilizer rate and growing year, while the main effect of growing year and other
interaction effects did not significantly affect the germination energy (GE) of the malt barley grain (Table 1). The highest
(97.05%) germination energy was recorded from 92 kg ha™ of N fertilization levels and followed (95.60%) by 69 kg ha!
chemical N fertilizer rate. While the lowest (92.22%) germination energy was obtained from the control or unfertilized plot
(Fig 19A). The current finding showed that the GE of the malted barley fell within an acceptable range for both 69 kg ha™'
and 92 kg ha' of N fertilization levels. The main effect of compost application rates highly affected the germination energy
of malt barley grain. The highest (95.17%) of GE of barley grain was recorded from the highest (7.5t ha™') compost rate,
while the lowest (94.49%) germination energy was obtained from unfertilized plots or treatments (Fig 19B).

The result of the analysis of variance showed that the combination effect of compost fertilizer rates and growing year
highly significantly affected the germination energy of malt barley grain. Specifically, the highest (96.04%) germination
energy of malting barley was recorded in the 2023 growing season with the application of (7.5 t ha™') compost fertilizer
rates and also closely followed by (5 t ha') compost rates in the 2022 growing season. However, the lowest (93.84%)
germination energy was obtained in the 2022 growing season with a compost application rate of (2.5 t ha™) (Fig 20).

Multiple regression analysis of malt barley quality parameters

Multiple regression analysis for grain protein concentration. The analysis of multiple linear regression showed a
positive effect on the grain protein content of malt barley. There was an expected average protein concentration of 9.73%
for malt barley grain under field conditions with no inputs and no change in growing years. An increase of N rate by 1 kg ha™
will raise the protein concentration by 0.02% (Fig 21). There was a stronger effect of compost rate than N fertilization
rate, which found that an application of each t ha™' of organic compost raised the grain protein content by 0.12% (Fig 21).
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Fig 18. Two-way interaction effects of mineral nitrogen and compost rates on germination capacity.

https://doi.org/10.1371/journal.pone.0343009.9018
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https://doi.org/10.1371/journal.pone.0343009.9020

Moreover, the change in the growing year also has a significant effect on the protein concentration of malt barley grain
and raises protein content by 0.34% (Fig 21).

Multiple regression for malt extract yield

The regression analysis equation showed that the malt extract levels decrease in boosting N fertilization, organic
rates, and change in growing years. The difference in malt extract of the grain affected about 71%, which was indicated
by adjusted r-squared (0.69) (Fig 22). There was an expected average malt extract yield of 80.93% for malt barley grain
under field conditions with no inputs and change in growing years. The findings show that increasing of N rate by 1 kg ha™
reduces the malt extract yield by 0.19%, holding other factors constant (Fig 22). In addition, increasing the compost rate
by 1t ha™' reduces the malt extract yield by 0.92% (Fig 22). Moreover, the change in the growing year also has a signifi-
cant effect on the malt extract yield of malt barley grain and reduces malt extract by 1.45% (Fig 22).
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Fig 22. Multiple linear regression of malt extract yield as influenced by nitrogen, compost, and growing year.

https://doi.org/10.1371/journal.pone.0343009.9022

Multiple regression for malt friability

The regression analysis equation demonstrated that the malt friability percentage was affected by changing N fertilization,
organic rates, and growing years. The difference in malt extract of the grain affected about 68%, which was indicated by
adjusted r-squared (0.68) (Fig 23). Rising the N fertilization rate has a negative correlation with malt friability, which shows
that elevating N fertilization rates decreases malt friability percentage. The results show that increasing the N rate by 1 kg
ha™' reduces the malt friability by 0.4%, holding other factors constant. Regarding compost rates, increasing the compost
rate by 1 t ha-1 reduce the malt friability by 1.36% (Fig 23). Moreover, the change in the growing year also has a signifi-
cant effect on the malt friability of malt barley grain and reduces malt friability by 2.28% (Fig 23).
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Fig 23. Multiple linear regression of malt friability as influenced by nitrogen, compost, and growing year.
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Multiple regression for beta-glucan of malt barley grain

The multiple regression analysis equation showed that the beta-glucan concentration in malt barley was highly affected by
nitrogen fertilization, organic compost rates, and growing years. The difference in beta-glucan content of the grain affected
about 86% of the variation, which was explained by these three factors (Fig 24). The regression analysis equation showed
that for every 1 kg ha' rise in N fertilization, beta-glucan content increases by 49.93 ppm (Fig 24). Regarding compost
rates, increasing of compost rate by 1 t ha™ increase the malt beta glucan by 80.31 ppm (Fig 24). Moreover, the change in
the growing year also has a significant effect on the malt beta glucan of malt barley grain and increases malt beta glucan

by 111.11 ppm, holding other factors constant (Fig 24).
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Fig 24. Multiple linear regression of malt beta glucan as influenced by nitrogen, compost, and growing year.
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Multiple regression for germination energy of malt barley grain

The multiple regression analysis equation showed that the germination energy in malt barley was highly affected by
nitrogen fertilization, organic compost rates, and growing years (Fig 25). The difference in germination energy of the grain
affected about 71% of the variation, which explained by these three factors (Fig 25). The regression analysis equation
showed that for every 1 kg ha' rise in N fertilization, germination energy increases by 1.47% (Fig 25). Similarly, each addi-
tional ton ha™' of organic compost results in a 2.68% increase in the germination energy of malt barley (Fig 25). Moreover,
the influence of growing years has a considerable influence, with an increase of 3.38% of germination energy per growing
year showing that environmental conditions across years play a significant role (Fig 25).

Correlation analysis of quality parameters on malt barley

Protein concentration of malt barley grain was positively and highly significantly correlated with beta-glucan (r=0.83%*¥),
germination energy (r=0.71%**), and germination capacity (r=0.55***); but malt extract yield (r=-0.71*%%%) and malt fria-
bility (r=-0.43***) were negatively and highly significantly correlated with protein content. Germination energy exhibited
a positive and highly significant correlated with beta-glucan (r=0.75%**) and germination capacity (r=0.49%%*); however,
malt extract yield (r=-0.58%**) and malt friability (r=-0.54***) were negatively and highly significantly correlated with
germination energy (Table 2). Malt extract yield exhibited a negative and highly significant correlation with beta-glucan
(r=-0.71*%**) and germination capacity (r=-0.44%**); however, malt friability (r=0.24**), moisture content (r=0.24%*), and
hectoliter weight (r=0.29%*) were positively and significantly correlated with malt extract yield. Beta-glucan of malt barley
grain was positively and highly significantly correlated with germination capacity (r=0.52***) and significantly correlated
with thousand-seed weight (r=0.27%*); but malt friability (r=-0.38***) was negatively and highly significantly correlated
with beta-glucan (Table 2).

Discussion
Thousand seeds weight

The results indicated that as the N fertilizer rate increases, the thousand-seed weight also tends to increase, with notable
statistical significance among the different treatment levels. The positive response of thousand seed weight to increasing
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Fig 25. Multiple linear regression of germination energy as influenced by nitrogen, compost, and growing year.

https://doi.org/10.1371/journal.pone.0343009.9025
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Table 2. Correlation among grain quality parameters of malt barley.

Parameters TSW MC HL MaEX GPC Fria Gluc GC GE
TSW 1

MC 0.17Ns 1

HL 0.21% 0.24** 1

MaEX -0.12 N8 0.24** 0.29*%* 1

PC 0.31%* -0.1N8 -0.17Ns —0.72%** 1

Fria -0.13\s 0.06Ns =-0.11Ns 0.24%* —0.43%* 1

Gluc 0.27** -0.14Ns -0.16Ns =0.71 % 0.83%** -0.38*** 1

GC 0.11Ns -0.09Ns 0.015Ns —0.44 *** 0.55%** —0.39%** 0.52%** 1

GE 0.27%* -0.03Ns -0.052Ns -0.58*** 0.7 1% —0.54#* 0.75%** 0.49%** 1

* ok kR Significant at p<0.05, 0.01, and 0.001 probability levels: NS: Not significant. TSW=Thousand Seeds Weight, MC =Moisture Content, HL=Hec-
toliter Weight, MaEX =Malt Extract, GPC =Grain Protein Content, Fria=Malt Friability, Gluc=Beta-glucan, GC =Germination Capacity, GE =Germination
Energy.

https://doi.org/10.1371/journal.pone.0343009.t002

N rates shows the importance of nitrogen in improving barley seed development. This might be related to N fertilizer at

a higher rate promoting better nutrient uptake (increases nutrient availability) and enhancing photosynthesis (promotes
chlorophyll production) and robust vegetative growth (greater leaf area and more developed root systems), resulting in
improved seed development and quality of seed in malt barley. The current finding is highly agreed with result of Kassie
and Tesfaye [40] revealed that the thousand seed weight of malting barley grain increased as synthetic N fertilizer
increased in the Arsi Highlands of Ethiopia. Similarly, Azam et al. [41], who stated that the application of synthetic nitrogen
fertilizer of 120 kg N kg™ increases the thousand kernel wheat of bread wheat during two growing seasons. The highest
thousand grain weight was recorded at the highest application of mineral nitrogen rate on durum wheat under Algerian
semi-arid conditions [42].

The maximum thousand-kernel weight obtained, probably due to the response to N fertilizer, can differ significantly between
cropping seasons, most likely due to variations in weather conditions such as temperature, rainfall, and soil moisture, which can
influence nutrient uptake and plant growth. This result was supported by Cammarano et al. [17] who revealed that the growing
years or cropping seasons affected the thousand-seed weight of malting barley at the James Hutton Institute.

The optimum dose of organic amendment positively affects thousand seed weight by improving soil health, nutrient
accessibility, and soil physical properties together with favorable weather conditions for plant growth. This result was
agreed with Omirou et al. [43], who reported that compost can provide essential nutrients needed for plant growth and
development. The difference may result from seasonal variations in weather conditions, such as rainfall and temperature,
which can influence nutrient availability and finally affect plant growth and seed weight of the crop. These results corrobo-
rate the previous finding of Omirou et al. [43], who suggested that the kind of N fertilizer source influences the accumula-
tion of essential plant nutrients and its effect varies depending on the growing season.

Moisture content

The differences in weather conditions (temperature and rainfall), and cooler temperature or reliable rainfall during the
cropping season can improve soil moisture retention and decrease evaporation, which is leading to higher moisture con-
tent of the final grain; however, the cropping season with higher temperature or lower rainfall might have a lower moisture
content of the grain than normal conditions. This aligns with the consistent finding of Bahmani et al. [44], who stated that
weather conditions are the main factors that can hinder malt barley yield and malting characteristics. Likewise, Assefa et
al. [13], suggested that the growth, yield, and yield parameters of food barley were significantly affected by the growing
season, most likely due to optimum rain distribution and a favorable temperature.
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Hectoliter weight

The difference in hectoliter weight of malt barley was due to growing condition variation during the growing season or
cropping season. This is due to the fact that under more conducive cropping situations, there was the slight enhancement
of specific hectoliter weight in response to nitrogen fertilizer application levels, and the small values of hectoliter weight
show that there is poor growth of grain filling. In addition, the absolute plant yields and grain quality may differ from year
to year due to the changeable weather situations of the specific area. Variations in weather conditions between growing
seasons can significantly influence the grain quality of malt barley, including hectoliter weight. This result is in line with the
study of Kassie and Tesfaye [40], who reported that seasonal condition significantly influenced hectoliter weight of malting
barley grain. The present results indicated that all the nitrogen fertilizer rates with both the 2022 and 2023 growing sea-
sons don’t achieve the acceptable hectoliter weight of the brewery requirement.

Malt extract yield

Malt extract is the soluble substance formed by malt itself and enzymatic hydrolysis during saccharification and fermen-
tation, which indicates the degree of malt dissolution and volume of enzyme production in the malting process [23]. Malt
extract content is a key quality indicator because it reflects the amount of beer that can be produced from a given quantity
of malt. Increasing nitrogen fertilizer rate application caused grain protein concentrations to rise, which limited endosperm
modification and diminished malt extract concentration [45]. Besides, higher malt extract content is normally related to
the low protein content of the crop. The control treatment of not applying any fertilizers, organic manure, or bio-fertilizers
showed maximum content of malt crops [25]. On the other hand, Cammarano et al. [17] who demonstrated that the malt
extract of malt barley grain did not indicate any noticeable variation due to change of cropping seasons.

Increasing nutrient content in the soil will diminish the malt extract content, which is negatively correlated to the grain
protein content of malt barley. In addition, an increase in nutrient content in the soil may create undesirable qualities in
the grain of malt barley, which is increasing levels of nitrogen fertilizer and organic compost rates may decrease the mailt
extract of the grain and increase the grain protein contents. This result was agreed with Reussi Calvo et al. [20], who
observed that an application of nitrogen fertilizer nutrient decreased the malt extract content of malt barley by 0.8%.

Grain protein content

The difference in grain protein accumulation is might be due to improved nutrient accessibility and enhanced soil condi-
tion because of higher compost application rates specifically in the 2023 growing years, which may have had conducive
environmental conditions. The result of this experiment agreed with Shilev et al. [46], who revealed that sole application of
vermicompost resulted the maximum protein concentrations, followed by integrated treatments and inorganic fertilizer.

Increasing mineral N fertilizer rates linearly increased the grain protein concentration of malt barley in the Arsi highlands
of Ethiopia [40]. Similarly, Goettl et al. [21] revealed that the applications of nitrogen fertilizer levels have a strong positive
relationship with grain protein content in North Dakota of two-row malting barley. Moreover, the highest rate of nitrogen
fertilizer results in the highest concentration of grain protein of malt barley, as reported by different scholars [22,47,48].
Furthermore Habiyaremye et al. [49], who demonstrated that the nitrogen application had a significant influence on grain
protein concentration in food barley, with protein contents rising positively in response to higher levels of mineral N fertil-
izer in the Palouse Region of the Pacific Northwest.

The mixed use of chemical N fertilizer along with organic amendments maintains or slightly decreases grain pro-
tein concentration as compared to full application of chemical N fertilizer [50]. Similarly, application of biofertilizers
(Microbein+75% NPK) resulted the maximum values of protein content of barley crop [51]. The standards set for a grain
protein concentration of malt barley by the Ethiopian Standard Authority and Asella Malt Factory should ranges from
9-12% [52]. Therefore, the above range almost all fulfilled brewery requirements or acceptable range for beer factories.
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Growing year highly significantly affected the concentration of protein in malt barley grain due to high temperature during
grain filling, especially during cell division in starch endosperm or increased starch accumulation, which resulted in maxi-
mum grain protein content [53].

Malt friability content

The difference in malt friability values might be due to improved nutrient accessibility and enhanced soil microbial activity
and better soil physical characteristics under maximum compost application rates. The relatively maximum higher malt
friability values were recorded in the 2023 as compared to the 2022 growing years due to more conducive environmen-
tal conditions in the 2022 growing year which likely improved organic matter decomposition. The increased malt friability
of malt barley kernels with decreased nitrogen fertilization rates. Malt friability of barley is highly affected by the rate of
nitrogen fertilization, and an increase of N fertilizer rate decreased the malt friability of the grain. The current finding is in
line with result of Cammarano et al. [17], who reported that the nitrogen fertilization rates highly affected malt friability and
the treatment with maximum protein concentration of the grain reduces malt friability of malt barley. Similarly, malt friability
was influenced significantly by diverse sources of nitrogen fertilizer [25].

Malt B-glucan

Malt B-glucan of malting barley responded linearly, whereby increased rates of N fertilization resulted in boosting the
malt B-glucan content. Rising nitrogen fertilization levels increase the malt B-glucan content of barley. A similar result was
also reported by Habiyaremye et al. [49], who demonstrated that the malt -glucan content was highly responsive to the
interaction between mineral N rates along with food barley variety across all cropping seasons in Aimota and Genesee
experimental sites. However, combined application of organic fertilization with mineral N fertilizer rates had no significant
influence on concentration of beta-glucan in barley and wheat crops [54].

Malt B-glucan concentration was significantly affected due to growing years, due to environmental conditions or
weather variables, and soil moisture during grain development affects the role of enzymes involved in B-glucan synthesis
and degradation. This result is in line with the finding of Khaleghdoust et al. [54], who revealed that malt B-glucan con-
centration was highly influenced by the weather condition of the cropping season, with seasonal variations causing large
differences in the malt B-glucan of barley and wheat grain.

Germination capacity

The percentage of viable grain is determined by germination capacity, which is one of the key features of malt barley qual-
ity because it determines the suitability for high-quality malt and beer production. The germination capacity of malt barley
was highly affected by chemical N fertilizer application levels. The chemical N fertilization doses affected the germination
percentage of barley seeds [26]. Similarly, Kristé et al. [55], who found that the application of mineral NPK rates signifi-
cantly affected the seed quality of wheat grain including germination percentage and power. Regarding organic fertilizer
sources, they are very important in improving the germination capacity of malt barley grain based on the dosage. More-
over, seed germination is highly influenced due to nitrogen addition [56].

Germination energy

Germination energy was highly responded to the main effect of the chemical N fertilizer rate. This is due to the N providing
essential nutrients that enhance embryo development and vigor, enhancing the seed metabolic process during germina-
tion. This result is inconsistent with finding of Nure [57], who reported that the application of chemical N fertilizer rate sig-
nificantly boosted the germination energy of malt barley grain, with higher rates resulting in the higher germination energy.
The GE of malting barley grain is recommended to be greater than 95% to have quality output [58].
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Multiple regression analysis for grain protein concentration. Regarding the effects of organic compost amendment
rates, the protein concentration of malt barley grain showed significant responses for each rate. Regarding the effect of
growing years on grain protein content, different scholars discovered similar results to the current study. The N fertilization
rate and growing years highly affected the concentration of malt barley grain [16]. Increasing nitrogen accessibility due to
elevating the N fertilizer level reduced grain protein content from 0 to 40 kg ha™'; however further N fertilizer application
steadily increased it [16].

Moreover, Halstead et al. [48] the N-fertilization rates highly influenced the kernel protein accumulations in the Pacific
Northwest (USA). Moreover, Tadesse et al. [19] discovered that N fertilization rates significantly affected the grain protein
accumulation of malting barley, with a linear grain protein response at one of their experimental sites. The result of this
experiment was in contrast with Mills et al. [59], who discovered that boosting the N fertilization rates from 0 to 120 kg ha™
resulted in a reduction of malt protein concentration. The application of vermicompost alone results in a higher protein
accumulation of barley grain [46].

Sainju [16] revealed that the growing years or seasons influenced the grain protein concentration, and the variation in
kernel protein accumulations was due to favorable weather variables (higher precipitation) between growing seasons. In
contrast to the current investigation, Kassie and Tesfaye [18] discovered that the growing season had no impact on grain
protein concentration, showing that the experimental season didn’t present situations influencing grain protein accumula-
tion of malting barley in the Arsi highlands of Ethiopia.

Multiple regression for malt extract yield

Declines in malt extract levels were noted when N fertilization application was elevated which was similar to

Rogers et al. [24], who reported that boosted N fertilization application rates led to small falls in malt extract of malt barley
grain. However, Adeyemi [60], demonstrated that elevating the N fertilizer rates boosts the malt extract of malt barley grain
and also showed that the treatment with 180 kg ha™' had 1-2% higher than the control or check plot at Aberdeen in the
2022 growing year.

The change in experimental seasons affected the malt extract of malt barley grain and malt extract in the 2022 growing
year much more than in the 2023 growing year. This might be due to changes in weather conditions (fluctuations in tem-
perature and patterns of rainfall) during growing years. These weather alterations directly affected the kernel compositions
by changing protein-to-starch ratios, which were particularly determined by malt extract of barley grain. Boosted protein
concentrations under sub-optimal conditions reduce starch accumulation, thus reducing hot water extract (malt extract)
yield. The malt extract of different malt barley cultivars was affected by growing years in 2015/16 and 2016/17 in Turkey
under rainfed agriculture [61].

Multiple regression for malt friability

The improved soil physical and biological properties through compost application enhance the malt friability of malt barley
grain. Boosting N levels reduces the malt friability of malt barley grain [62]. However, Parashar et al. [63] discovered that
application of 120 and 90 kg N/ha N fertilization rates boosted the average malt friability by 13.8% and 12.6% over 60

kg N ha', respectively. The malt friability percentage of the spring barley was highly varied due to experimental growing
years [17].

Multiple regression for Beta-glucan of malt barley grain. The wort beta-glucan of barley was influenced by N
fertilization rates, and boosting N rates from 0-120 kg ha™ elevated the wort beta-glucan concentration from 77.6—208.1
mg L, respectively [59]. However, Habiyaremye et al. [49] reported that application of N fertilization had no significant
impact on beta glucan across different growing years as well as experimental sites. Regarding the impact of the growing
season on beta-glucan of the present result, a similar investigation was discovered by Khaleghdoust et al. [54] who
showed that beta-glucan concentration of malt barley highly responded to the growing year’s conditions. Similarly, Kumar
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et al. [53] discovered that the beta-glucan was highly influenced by the main effect of experimental seasons, such that
each the growing year was characterized by a specific set of weather variables like temperature, humidity, rainfall, and
sunlight.

Multiple regression for germination energy of malt barley grain

Germination energy of malt barley significantly responded to the main effects of nitrogen fertilization, compost, and grow-
ing years. Nitrogen fertilizer levels had significant effect on germination energy of the malting barley. The current finding is
in line with result of Nure [57], who revealed that the germination energy of the seed is highly responded to mineral N fer-
tilization rates. The study also showed that the maximum germination energy was obtained at highest at application rate of
225 kg ha' urea fertilizer, while the lowest germination energy obtained from the seeds without nitrogen application.

Correlation analysis of quality parameters on malt barley

The observed negative correlation between grain protein content and malt extract yield shows that higher protein con-
tent in grain is related to lower extract values. This is due to the fact that increased protein accumulation can decrease
the availability of carbohydrate (starch) concentrations and thus result in low malt extract yield or values and also limit
enzymatic hydrolysis during the malting process. This result agrees with the finding of Fox [64], who revealed that the
malt extract yield or quality is affected by different environmental conditions such as temperature, soil moisture, fertiliza-
tion, and available nitrogen. These factors do not directly affect extract yield; they affect the content and compositions

of parameters, particularly the balance of protein content and starch, which in turn governs extract production. Similarly,
the grain protein content showed a negative correlation with malt extract yield (r=-0.86 and r=-0.838), respectively [65].
Moreover, the malt extract yield was significantly negatively correlated with grain protein content [65]. The malt extract
yield of malt barley grain was positively correlated with malt friability (r=0.7) [53].

Conclusion

Malt barley is one of Ethiopia’s most important cereal crops. It is mostly grown in the highlands area, where it is a major
part of the expanding local brewing industry and serve as a source of income for smallholder farming livelihoods. Despite
this advantage, soil fertility decline, limited application of organic amendments, and poor agronomic practices have
adversely influenced the productivity and malt quality. This experiment revealed that a balanced use of organic compost
and chemical nitrogen fertilization rates has a significant influenced on thousand-seed weight, malt extract yield, grain pro-
tein concentration, malt beta-glucan, germination capacity, and germination energy. Moreover, the integrated and interac-
tive effects of mineral nitrogen, compost, and growing season or year influenced various malt quality parameters.

Most notably, the results clearly show that a moderate application of 69 kg N ha-" mixed with 5 t ha-" compost provides
an optimal balance of malt quality traits, fulfilling acceptable industry standards without excessive protein content or a lower
malt extract yield. This integrated management approach improves malt quality while supporting soil fertility and long-term
production sustainability and offers a practical and scalable approach for smallholder farmers in the Ethiopian highlands.

The practical implication of this experiment extends beyond the experimental plots. For smallholder farmers’ in the
Ethiopian highlands, the optimum fertilizer use of mineral nitrogen with compost combinations provides a viable approach
to enhance malt quality traits and market value (enhancing farmers’ industry linkage) while sustaining soil health and
quality. For breweries, it ensures a reliable supply of malt barley grain with high quality, which is critical for continuous and
efficient malting and brewing, and also a solution for reducing malt-import dependence. The finding is also emphasize
on the importance of integrating organic and chemical fertilization to improve agricultural productivity while guaranteeing
long-term environmental sustainability for policymakers and developmental programs. For stronger and widely applicable
recommendations, future studies conducted across multiple seasons and locations, supported by more quality parameters
evaluations, are advisable.
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