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Abstract

Sweet sorghum is an annual warm-season energy crop that produces high biomass, is
broadly adaptable, and is tolerant of abiotic stress. This study was conducted as a two-year
field experiment to determine the effects of different harvest stages (booting, 50% flowering,
milk, and soft dough) on theoretical bioethanol production and bagasse feed quality in
sweet sorghum varieties (Erdurmus, Gulseker, and Uzun) in the semi-humid Mediterranean
transition zone. Field experiments were conducted in 2023 and 2024 using a randomized
block split-plot design with three replications. In the study, characteristics such as fresh stem
yield, Brix, juice yield, theoretical juice ethanol yield, dry bagasse yield, cellulose, lignin,
hemicellulose, theoretical lignocellulosic ethanol yield, total theoretical ethanol yield, and
bagasse feed quality (crude protein, acid detergent fiber, neutral detergent fiber, and relative
feed value) were examined. According to the two-year average results, the theoretical juice
ethanol yields, theoretical lignocellulosic ethanol yields, total theoretical ethanol yields,
and dry bagasse yields ranged from 454.8 to 2023.9 L ha™!, 2472 to 3828 L ha !, 3320
to 5180 L ha~!, and 7.85 to 11.67 t ha™!, respectively, in terms of the variety x harvest
stage interaction. Significant differences emerged among the examined parameters across
varieties. In this respect, the Erdurmus and Gulseker varieties stand out as suitable for
dual use, both for bioethanol production and for bagasse utilization as animal feed. The
effects of harvest stages on all examined characteristics were statistically significant. It is
recommended that sweet sorghum be harvested at the latest during the milk stage to utilize
the juice for bioethanol production and to evaluate the remaining bagasse as animal feed.
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1. Introduction

The world population, which stood at 8.2 billion in 2024, is expected to continue
growing over the next 50 to 60 years, reaching a peak of approximately 10.3 billion people
by the mid-2080s [1]. While food production needs to increase in parallel with global
population growth, the number of people affected by hunger worldwide rose to 828 million
in 2021 [2]. Conversely, the intensification of industrial activities to meet necessities is
increasing energy demand. Excessive dependence on energy sources causes environmental
problems, which, in turn, lead to increased efforts to utilize alternative energy sources [3].
Plants with high biomass potential per unit area (sugarcane, sugar beet, sweet sorghum,
and corn) are at the forefront of renewable energy sources that are less environmentally
harmful [4]. Sweet sorghum (Sorghum bicolor var. saccharatum (L.) Mohlenbr.), a C4 crop
with high photosynthetic efficiency, has significant potential not only for food produc-
tion [5], but also for energy [6,7], forage [8-13], and fiber [14,15] production. Furthermore,
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sweet sorghum, which has high biomass yield, is also resistant to drought, salinity, and
flooding [16-20]. On the other hand, Tamang [21] reported that biofuel production costs
from sweet sorghum are lower than those from sugarcane, while Geng et al. [22] indicated
that sweet sorghum requires less nitrogen fertilizer than corn. The use of food crops for
energy purposes is considered a serious threat to global food security. In the future, it will
be important for crops to be used for both food and energy production [23].

In addition to energy production, bagasse from sweet sorghum can also be used as
animal feed [10,24-26]. In terms of feed quality, crude protein, acid detergent fiber (ADEF),
neutral detergent fiber (NDF), and relative feed value (RFV) are among the main parameters
for the bagasse obtained after juice extraction. High ADF reduces digestibility, whereas
high NDF generally limits voluntary intake; therefore, lower ADF and NDF values are
desirable [27,28]. Therefore, sweet sorghum bagasse with high protein content, low ADF
and NDF, and a high RFV is a preferred choice for livestock production.

Research on sweet sorghum across different climate zones reveals the decisive role
of the harvest stage in sugar accumulation and ethanol potential. Ramesha and Sha-
ranappa [29] reported that the highest juice yield (9777 L ha~!) in tropical semi-arid regions
was obtained at the milk stage. In contrast, Teixeira et al. [30] determined that maximum
juice yield occurred between the pre-flowering and mealy dough stages in Brazil’s high-
altitude subtropical zone. On the other hand, studies conducted under Mediterranean
semi-arid climate conditions have found that, in addition to genotype selection, the harvest
stage also significantly affects sweet sorghum. Indeed, while Tas et al. [25] reported that
the dry bagasse yield of sweet sorghum genotypes ranged from 51.9 to 84.8 t ha—!, Yucel
et al. [31] noted that this value ranged from 42.6 to 113.9 t ha~! and emphasized that
genotype selection is essential for both yield and quality optimization. Under similar
Mediterranean conditions, Nazli [26], who simultaneously examined both juice yield and
bagasse feed quality, emphasized that juice yield ranged from 7.4 to 25.2 tha~! and dry
bagasse yield ranged from 7.6 to 21.3 t ha~!, and that, in addition to variety selection,
juice yield gradually decreased from flowering towards physiological maturity. Further-
more, Nazli [26] reported that the lowest ADF and NDF contents and the highest RFV
were attained during the hard dough stage. Compared with the tropical, subtropical, and
Mediterranean arid /semi-arid climate regimes reported in the literature, how the juice
and theoretical total ethanol yields of sweet sorghum are affected by harvest stage under
second-crop cultivation conditions in semi-humid Mediterranean transition zones remains
unclear. Moreover, uncertainty remains regarding which harvest stage should be preferred,
given the potential of the remaining bagasse after juice extraction as animal feed and the
plant’s dual-purpose use. Indeed, Li et al. [32] reported that sweet sorghum, known for its
high adaptability to water-scarce environments and capacity to store fermentable sugars,
has high future potential for the global bioindustry.

Additionally, sudden and extreme weather events, increasing in frequency through-
out the growing season due to global warming, can directly affect both the bioethanol
production potential of sweet sorghum and the feed value of its bagasse. In this context,
understanding the effects of different harvest stages on quality parameters in regions with
transitional climates is critical for developing sustainable agro-industrial production strate-
gies. Based on this requirement, this study was conducted to simultaneously investigate
the effects of different harvest stages on the theoretical bioethanol production potential of
sweet sorghum varieties and the feed quality of the bagasse remaining after juice extraction
in the semi-humid Mediterranean transitional climate zone, and to determine the most
suitable variety and harvest stage accordingly.
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2. Materials and Methods
2.1. Site Description

This study was conducted as a field trial in 2023 and 2024 at the experimental fields of
Bursa Uludag University Faculty of Agriculture, Agricultural Application and Research
Center (40°13/47" N, 28°51'23" E, 72 m above sea level). The study area is located in a
semi-humid temperate transition zone that serves as a bridge between Mediterranean and
Black Sea climates [33]. Climate data for the region where the experiment was conducted
are presented in Table 1.

Table 1. Climate data for the experimental area for 2023, 2024, and the long-term average (LTA:
1950-2020).

Average Temperature

Average Relative Humidity (%) Total Precipitation

Months O (mm)
2023 2024 LTA 2023 2024 LTA 2023 2024 LTA
June 243 25.8 22.2 63.0 56.3 70.1 - 0.2 56.7
July 26.1 27.2 247 57.8 60.7 63.5 0 134 12.6
August 27.2 26.3 25.2 60.2 57.2 64.5 0 0 15.4
September  22.6 22.7 21.5 62.9 65.6 66.5 0 23.3 36.7
October 18.2 16.5 16.1 70.5 70.4 74.4 6.7 30.8 52.2
Mean/Total 23.7 23.7 21.9 62.9 62.0 67.8 6.7 67.7 173.6

To represent the experimental areas, soil samples were collected in 2023 and 2024
at a depth of 0-30 cm. These samples were examined at the Soil Analysis Laboratory of
the Department of Soil Science and Plant Nutrition, Faculty of Agriculture, Bursa Uludag
University, to ascertain their characteristics. Table 2 presents the findings of this analysis.
The soil is Eutric Vertisol according to the FAO/UNESCO [34].

Table 2. Soil analysis data of the experimental area.

Depth (0-30 cm)

Characteristics
2023 2024
Texture Clay Clay
pH 7.75 7.80
EC (uScm™1) 643.50 642.00
CaCOs3 (%) 2.11 2.43
Organic matter (%) 2.31 2.73
N (%) 0.07 0.07
Available P (mg kg~1) 10.07 9.04
Available K (mg kg ™!) 58.13 59.08

2.2. Crop Management, Sample Preparation, Data Collection and Calculations

In both years of the experiment, after the main crop (wheat) harvest, the field
was plowed, and subsequent tillage was completed with a rotavator. At sowing,
100 kg P,Os ha~! and 160 kg N ha~! were applied. Half of the nitrogen fertilizer was
applied at sowing, and the other half at 40-50 cm plant height. The experiment was planned
as a randomized complete block design with a split-plot arrangement with 3 replications.
In the experiment, sweet sorghum varieties (V1: Erdurmus, V2: Gulseker, and V3: Uzun)
were assigned to main plots, while harvest stages (H1: booting stage, H2: 50% flowering
stage, H3: milk stage, and H4: soft dough stage) were assigned to subplots. Sowing in the
experimental area was carried out on 12 July 2023, in the first year, and 29 June 2024, in the
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second year, in plots consisting of 5 rows with 70 cm row spacing, 10 cm intra-row spacing,
5 m length, and 3.5 m width (5.0 x 3.5 = 17.5 m?) at a soil depth of 2-3 cm. Drip irrigation
was used to supply the plants with water during periods without sufficient rainfall. Every
13 to 15 days, irrigation was applied based on soil moisture at a depth of 0 to 30 cm.

In the experimental field, plants were cut at a height of 5 cm above the soil level
using a sickle at harvest time. In the experiment, harvest operations were carried out
between 15 September and 8 November 2023, in the first year, and between 9 September
and 17 October 2024, in the second year, depending on the variety and harvest stage.
Before harvesting, 10 plants were randomly picked from each plot, and their stems, leaves,
and inflorescences were removed and weighed to determine their proportions. After
the leaves and inflorescences were removed, the stems were placed in an electric-motor-
driven press (4 kW /380 Volts) to measure juice yield and Brix. After this process, the
resulting juice samples were measured with a graduated measuring cylinder, and the
amount of juice obtained was weighed and recorded. In this study, Brix was measured
using a handheld refractometer (ATC 0-32) and treated as degree Brix (°Bx), which directly
represents the percentage of total soluble solids by weight in the stalk juice. The use of this
linear conversion equation to estimate total sugar content is fully justified for the studied
varieties and conditions, as it is based on the established methodology reported by Lingle
et al. [35]. Since sucrose, glucose, and fructose constitute the overwhelming majority of
soluble solids in stalk-juice crops, °Bx serves as an accurate proxy for total sugar yield
under our experimental conditions. In the experiment, a 5.6 m? (4 m x 1.4 m) area in the
middle 2 rows of each plot, excluding edge effects, was mowed and weighed by hand. The
data obtained were used to determine the fresh biomass yield. In the study, fresh stem
yield, juice yield, total sugar, sugar yield, and theoretical juice ethanol yield were calculated
as described by Nazli [26], Teetor et al. [36], Lingle et al. [35], and Teixeira et al. [30]. The
formulas used in calculating the characteristics are given below.

Fresh stem yield (FSY; t ha~') = Stem ratio (%) x Fresh biomass yield (t ha™!) (1)

Juice yield (L ha~!) = (FSY X Juice volume)/ Weight of stem (2)

Total sugar (mg mL ™) =8.9 x Brix (°Bx) — 13.8 3)

Sugar yield (SY; kg ha~') = [Total sugar (mg mL™1) x juice volume (L ha—1)]/1000 (4)
Theoretical juice ethanol yield JEY; L ha™!) = SY (kg ha~1) x 0.581 (5)

In this study, theoretical lignocellulosic ethanol yield (LEY) and total theoretical
ethanol yield (TEY) were calculated using the formulas given below as reported by
Zhao et al. [37].

LEY (L ha™!) = (Cellulose + Hemicellulose) /100 x Dry bagasse yield (t ha™') x 1.11 x 0.85 x 0.51 x 0.85 x 1000/0.79 (6)

LEY represents the theoretical lignocellulosic ethanol yield derived from cellulose
and hemicellulose of the sweet sorghum bagasse, 1.11 represents the coefficient for the
conversion factor of sugar from cellulose and hemicellulose, 0.85 represents the process
efficiency of sugar from cellulose and hemicellulose or process efficiency of ethanol from
sugar, 0.51 represents the coefficient of a conversion factor of ethanol from sugar, and
1000/0.79 g mL~! represents the specific gravity of ethanol.

Total theoretical ethanol yield (TEY; L ha=')=JEY (Lha~') + LEY (Lha™}) )
Fresh bagasse yield was calculated as the difference between fresh stem yield and

juice yield, as reported by Briand et al. [38]. To determine the dry matter content of bagasse,
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approximately 500 g of fresh sample was taken and dried at 70 °C until a constant weight
was achieved, and then weighed. Dry bagasse yield was calculated by multiplying the dry
matter content by the fresh bagasse yield. The dried bagasse samples were ground in a
plant grinding mill equipped with 1 mm diameter sieves. Subsequently, the ADF, NDF, and
acid detergent lignin (ADL) contents of the bagasse were determined using the method
reported by Van Soest [39]. The following formulas were used to determine cellulose [40]
and hemicellulose contents [41] in the experiment.

Cellulose (%) = ADF (%) — ADL (%) 8)

Hemicellulose (%) = NDF (%) — ADF (%) )

The nitrogen content of the dried bagasse samples was measured using the Kjeldahl
wet digestion method to calculate the bagasse crude protein (BCP). The crude protein ratios
on a dry matter basis were then computed by multiplying the total nitrogen ratios by 6.25.
The RFV of bagasse was calculated using the following equations developed by Rohweder
et al. [42]. In calculating the relative feed value, digestible dry matter (DDM %) is first
calculated from the ADF value. In contrast, dry matter intake (DMI, %), depending on the
animal’s live weight, is calculated from the NDF value.

DDM, % = 88.9 — (0.779 x %ADF) (10)
DMI, % = 120/(%NDF) (11)
RFV = (DDM x DMI)/1.29 (12)

2.3. Statistical Analysis

In the data analysis, a split-plot experimental design was adopted, with varieties as
main plots and harvest stage as subplots. Data for the examined traits were subjected to
analysis of variance (ANOVA) using combined data from two years. In the statistical model,
varieties and harvest stages were considered as fixed effects, whereas years and blocks
within years were treated as random effects. According to the combined analysis results,
the effects of year, variety, and harvest stages on the examined traits, as well as the two-way
and three-way interactions among these factors, were evaluated. Variance analyses were
performed using JMP Pro 13 software [43]. Main plots (variety) were tested against Error
A (block x variety within year), while subplots (harvest stage) and variety x harvest
stage interactions were tested against Error B (residual error). Statistical significance was
determined using the least significant difference (LSD) test at & = 0.05. To simultaneously
evaluate the relationships between bioethanol production parameters and bagasse feed
quality characteristics across different harvest stages for sweet sorghum varieties, PCA
was conducted separately for each experimental year (2023 and 2024; Figure 1) due to
the significant main effect of year in the ANOVA. The analysis was performed in RStudio
(version 2026.01.0) and visualized using the FactoMineR and factoextra packages [44,45].
Before the analysis, the dataset was automatically centered and scaled to unit variance
(scale.unit = TRUE) to standardize the different measurement units of the traits investigated.
The PCA was performed using the treatment means (averaged across three replications)
for each variety-harvest stage combination, rather than individual observations. A total
of 14 key traits were included in the analysis: B, BCP, BADEF, L, BNDE, FSY, JY, JEY, C, HC,
DBY, LEY, TEY, and BRFV.
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Figure 1. Principal component analysis (PCA) biplot of sweet sorghum traits. Panels represent
(A) 2023 and (B) 2024 growing seasons. Vectors indicate the direction of trait influences. V1: Erdurmus,
V2: Gulseker, V3: Uzun, H1: booting stage, H2: 50% flowering stage, H3: milk stage and H4: soft
dough stage. FSY: fresh stem yield, JY: juice yield, B: brix, JEY: theoretical juice ethanol yield, LEY:
theoretical lignocellulosic ethanol yield, TEY: total theoretical ethanol yield, DBY: dry bagasse yield,
BCP: crude protein of bagasse, L: lignin, C: cellulose, HC: hemicellulose, BADF: ADF content of
bagasse, BNDF: NDF content of bagasse, RFV: relative feed value.

3. Results and Discussion

In this study, the results of the examined traits were evaluated in terms of first- and
second-generation bioethanol production (fresh stem yield, juice yield, Brix, theoretical juice
ethanol yield, dry bagasse yield, lignin, cellulose, hemicellulose, theoretical lignocellulosic
ethanol yield, and total theoretical ethanol yield) and feed quality of bagasse (BCP, BADF,
BNDE, and RFV). In the research, environmental conditions varied significantly from
year to year (Table 1), which was associated with fluctuations in sweet sorghum yields.
Temperatures in both years were above the long-term average; however, June and July
2024 were warmer than the same months in 2023. This variation coincided with a faster
progression of plant development, meaning that harvest stages advanced more rapidly in
the second year than in the first. While these shifts are closely linked to climate variations,
they may also reflect differences in seasonal factors such as sowing dates, cycle length,
and specific water regimes. Consequently, the harvest operation was carried out between
September and November in the first year and between September and October in the
second year, depending on the harvest stage and variety. In the experiment, the average
relative humidity between June and October was 62.88% in 2023 and 62.04% in the same
period in 2024. When examining total precipitation, no rainfall was recorded in July, August,
and September during the plant growth period in 2023, whereas 64.7 mm of precipitation
was recorded over the same three months in 2024. Additionally, 21.4 mm more rainfall
occurred in October 2024 compared to October 2023. These major differences in climate
data between the two years significantly affected plant development. As a result, it was
not surprising that the year effect was significant for a large portion of the examined traits
(Table 1). Indeed, Maw et al. [46] reported that low temperature and high precipitation
reduced plant yield for various reasons.
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3.1. First- and Second-Generation Bioethanol Production

The effects of variety and harvest stage were found to be statistically significant for all
first- and second-generation bioethanol production parameters (except for variety on TEY
and harvest period on C and HC). Furthermore, significant differences emerged among
years for all these parameters. Therefore, bioethanol parameters were evaluated separately
for each year. The V x H interaction was found to be statistically significant in terms of juice
yield, Brix, theoretical juice ethanol yield, total theoretical ethanol yield, dry bagasse yield,
lignin, and cellulose contents. When years were evaluated separately, differences among
varieties in 2023 were statistically significant for all characteristics except dry bagasse yield.
Regarding harvest stages, significant differences were detected among all examined charac-
teristics. Additionally, the V x H interaction was significant only for Brix and theoretical
juice ethanol yield parameters. In 2024, statistically significant differences emerged among
varieties for characteristics other than total theoretical ethanol yield and hemicellulose
contents. Regarding harvest stages, statistically significant differences were observed for
all characteristics except lignin, cellulose, and hemicellulose content. Regarding the V x H
interaction, significant differences were observed only for Brix, theoretical juice ethanol
yield, total theoretical ethanol yield, dry bagasse yield, and cellulose content (Table 3).

In this study, fresh stem yields ranged from 40.4 to 85.7 t ha~! and from 56.0 to
79.8 t ha~! in 2023 and 2024, respectively. These results are higher than the values deter-
mined in studies conducted under hot semi-arid tropical (India) [47] and cold semi-arid
continental (Iran) [48] climate conditions. In 2023, the highest fresh stem yield was obtained
from Gulseker, while in 2024 it was obtained from Erdurmus and Gulseker varieties. In
both years of the experiment, the Uzun variety had the lowest yield (Table 4). In this study,
the stem yield obtained from the Gulseker variety was higher than that reported by [49] in
the Mediterranean climate zone, but lower than that reported by [50]. In 2023, the highest
fresh stem yield across harvest stages was obtained at the 50% flowering stage (H2), while
in 2024 no significant difference emerged across harvest stages; fresh stem yield declined in
the soft dough stage (H4) compared with the booting stage (Table 4). This declining trend
is considered a result of leaf senescence and natural dehydration [26,51]. Although some
studies have shown that fresh stem yield decreases with plant maturation [26,51], others
have reported that the highest yield occurs at the milk stage and that similar yields are
obtained in subsequent periods [30]. Contrary to the results of this study, some researchers
have reported that fresh stem yield is higher at the physiological maturity stage than at the
flowering stage [48,52]. This may be attributed to differences in cultivation conditions, such
as whether sweet sorghum is cultivated as a main or second crop, temperature—precipitation
differences at sowing time, and varietal differences.
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Table 3. F-values from analysis of variance (ANOVA) for studied traits of sweet sorghum.

SV DF FSY JY B JEY LEY TEY DBY BCP L C HC BADF BNDF RFV
Y 1 29.87 ** 25.11 ** 68.75 ** 78.27 ** 61.94 ** 83.33 ** 39.81 ** 0.18 ns 78.70 ** 221.53**  256.73**  211.15** 8.46 * 62.03 **
v 2 58.22 ** 197.93*  765.86 **  210.82 ** 32.13 ** 0.93 ns 9.41 ** 27.39 ** 127.89 **  46.65** 12.90 ** 63.20 %  241.65*  161.74**
H 3 5.34 ** 6.12 ** 146.58 ** 67.45 ** 791 ** 23.51 ** 13.71 ** 18.96 ** 5.83 ** 0.17 ns 2.66 ns 0.50 ns 1.41 ns 0.49 ns
Y xV 2 25.33 ** 27.30 ** 56.91 ** 6.75* 19.91 ** 14.02 ** 10.82 ** 3.30ns 3.93 ns 3.60 ns 0.43 ns 4.02 ns 16.33 ** 8.02 %
Y xH 3 2.60 ns 3.00 * 13.61 ** 8.49 ** 375* 241 ns 244 ns 212ns 0.89 ns 7.10 ** 1.05 ns 6.01 ** 6.89 ** 8.99 **
V xH 6 191 ns 247* 12.75 ** 6.67 ** 1.53 ns 3.10*% 2.61* 4.74 ** 4.23 ** 4.66 ** 0.97 ns 5.19 ** 1.70 ns 3.81 **
YxVxH 6 2.55* 2.57*% 2.67 % 2.83* 224 ns 2.77% 3.38 ** 1.53 ns 0.11ns 1.64 ns 1.03 ns 1.28 ns 0.23ns 0.54 ns
CV (%) 9.34 10.56 7.16 13.70 12.29 11.06 10.65 11.27 11.89 4.58 10.29 493 4.03 5.99

*,** indicate significance at p < 0.05 and 0.01 respectively; ns: non-significant. SV: Sources of variation, Y: year, V: variety, H: harvest stage, FSY: fresh stem yield, JY: juice yield, B: brix,
JEY: theoretical juice ethanol yield, LEY: theoretical lignocellulosic ethanol yield, TEY: total theoretical ethanol yield, DBY: dry bagasse yield, BCP: crude protein of bagasse, L: lignin, C:
cellulose, HC: hemicellulose, BADF: ADF content of bagasse, BNDF: NDF content of bagasse, REV: relative feed value.
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Table 4. Mean values of fresh stem yield (FSY), juice yield (JY), brix (°Bx), and theoretical juice ethanol yield (JEY) for different sweet sorghum varieties and
harvest stages.

Harvest Stage FSY (tha-1) JY (L ha—1) Brix (°Bx) JEY (L ha™1)

A% V2 V3 Mean Vi V2 V3 Mean Vi V2 V3 Mean Vi V2 V3 Mean
2023
H1 52.7 72.4 375 542b 26,171 39,399 12,735 26,102 b 8.6d 53f 71e 70c¢ 955.6 de 761.4 ef 3593 ¢g 692.1c
H2 57.0 85.7 445 62.4a 29,342 46,168 16,825 30,778 a 105¢ 73e 8.8d 89b 13509 ¢ 1368.5 be 626.0 f 1115.1b
H3 51.3 76.1 44.5 573b 25,104 41,481 15,434 27,339 b 142a 8.7d 115b 11.4a 1631.2 a 1533.4 a— 791.1 ef 1318.6 a
H4 52.9 67.1 40.4 535b 25,597 36,173 13,238 25,003 b 13.3a 72e 75e 9.3b 1564.2 ab 1046.2d 402.7 g 1004.4b
Mean 53.5b 753 a 417 ¢ 56.8 B 26,553 b 40,805 a 14,558 ¢ 27,305 B 11.7 a 71c 87b 92B 1375.5a 11774 a 544.8 b 1032.5B
2024
H1 78.7 62.0 56.3 65.7 40,429 ab 31,436 ¢ 18,909 d 30,258 85e 49¢g 72f 6.9c 1453.5 de 5400 ¢g 5503 g 8479 c
H2 71.8 64.8 60.6 65.7 39,354 ab 35,148 be 21,215d 31,906 9.6 c—e 9.0 de 9.3 de 9.3b 1626.9 c—e 1356.8 e 859.5 fg 1281.1b
H3 76.1 79.8 56.0 70.6 39,684 ab 44,051 a 19,608 d 34,448 13.3a 9.8 c—e 10.7 be 11.3a 2416.7 a 1886.8 bc 925.1f 17429 a
H4 65.1 64.3 56.6 62.0 34,380 be 35,829 be 21,591d 30,600 138 a 11.3b 9.9cd 11.7 a 2180.1 ab 1799.0 cd 9242 f 16344 a
Mean 729a 67.7 a 574D 66.0 A 38,462 a 36,616 a 20,331 b 31,803 A 11.3a 8.8¢ 9.3b 9.8 A 1919.3 a 1395.6 b 814.8 ¢ 1376.6 A
Mean (2-year average)
H1 65.7 67.2 46.9 599b 33,300 a 35,417 b 15,822d 28,188 b 8.6 de 51g 71f 69d 1204.6 d 650.7 f 4548 g 770.0d
H2 64.4 75.3 52.6 64.1a 34,348 b 40,658 a 19,021d 31,342 a 10.1¢ 82e 9.1d 91c 14889 ¢ 1362.7 cd 742.8 ef 1198.1¢
H3 63.7 77.9 50.2 64.0a 32,394 be 42,766 a 17,521d 30,894 a 138 a 9.3d 11.1b 11.4a 20239 a 1710.1b 858.1e 1530.7 a
H4 59.0 65.7 48.5 57.7b 29,988 ¢ 36,001 b 17,414d 27,801 b 13.6 a 9.3d 8.7 de 10.5b 1872.1 ab 1426.6 ¢ 663.4 f 1319.4b
Mean 63.2b 715a 49.6 ¢ 32,508 b 38,711 a 17,445 ¢ 11.5a 79c 9.0b 16474 a 1286.5b 679.8 ¢

Means followed by the same uppercase and lowercase letters within a column do not differ at p < 0.05. FSY: LSDygp3v: 9.602, LSD2pp31: 4.852, LSDygoay: 6.166, LSDogp32024v: 4.739,
LSDy023-202411: 3-887; JY: LSDygpsy: 5412, LSDyppapy: 2342.0, LSDygoay: 2823, LSDogpay xpr: 6401, LSDop3_n024v: 2535, LSDop3-2024r1: 2112, LSDog23 2024vxH: 3657; B: LSDyga3y: 0.3296,
LSD2023HI 05715, LSD2023V><H: 09899, LSD2024\/Z 03985, LSD2024HZ 07602, LSD2024V><HI 1317, LSD2023_2024\/1 02148, LSD2023_2024H1 04591, LSD2023—2024V><H: 07951, ]EY LSD2023\/Z 2454,
LSD2023HZ 115.7, LSD2023V><H: 200.4, LSD2024\/Z 98.56, LSD2024HZ 201.1, LSD2024V><H: 348.3, LSD2023,2024\/: 109.8, LSD2023,2024H: 112.0, LSD2023,2024V><H: 193.9. V1: Erdurmus, V2: Gulseker
and V3: Uzun, H1: booting stage, H2: 50% flowering stage, H3: milk stage and H4: soft dough stage.
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Juice yields ranged from 12,735 to 46,168 L ha~! and from 18,909 to 44,051 L ha~! in
2023 and 2024, respectively. When examining the juice yields of sweet sorghum varieties,
the highest yield was obtained from Gulseker in 2023, and from Erdurmus and Gulseker
varieties in 2024. The Uzun variety had the lowest yield in both years. In particular,
the Erdurmus variety showed a greater tillering tendency under high temperatures. It
increased the relative humidity experienced after sowing in the second year, resulting in
more stems than in the first year. Consequently, the juice yield was higher in the second
year (Table 4). The strong correlation between fresh stem yield and juice yield documented
by Nazli [26], Teixeira et al. [30], and Yucel et al. [50] may have actually contributed to
this circumstance. While the highest juice yield (30,778 L ha~!) in 2023 was obtained from
the 50% flowering stage (H1), no significant difference emerged in terms of juice yield
depending on harvest stages in 2024. This was not a surprising result, given the similar
fresh stem yields in the years in question (Table 4). Indeed, juice yield is a consequence of
fresh stem yield [30]. In previous studies, it has been reported that the highest juice yield
was obtained by Chavan et al. [53] in hot semi-arid tropical climate conditions influenced
by monsoon rainfall, by Cole et al. [51] at the soft dough stage in the humid subtropical
climate zone, by Teixeira et al. [30] at the pre-flowering to mealy dough stage in the humid
subtropical climate zone, and by Nazli [26] at the flowering stage in the Mediterranean
climate zone. This situation may be due to other factors such as varietal differences, climate
diversity, soil structure, and agricultural practices. In terms of V x H interaction, the
highest juice yield in 2024 was only obtained from the Gulseker variety at the milk stage
(H3) (Table 4).

Brix values ranged from 5.3 to 14.2 °Bx and from 4.9 to 13.8 °Bx in 2023 and 2024,
respectively. On average, Brix values were 6.5% higher in 2024 compared to 2023 (Table 4).
This situation may have resulted from differences in temperature and precipitation during
June and July. Indeed, Cole et al. [51] emphasized that Brix values are lower in colder years.
In both years, the highest Brix value was obtained from the Erdurmus variety (Table 4). The
Brix values determined in this study are considerably lower than those determined in sweet
sorghum varieties under different climatic conditions. For example, in the Mediterranean
climate zone, Nazli [26] reported Brix values of 14.6-15.8 °Bx; in the semi-arid climate
zone, Almodares et al. [48] reported 14.15-17.10 °Bx; and in the semi-arid tropical climate
zone, Chavan et al. [53] reported Brix values between 18.0 and 20.5 °Bx. In contrast, similar
Brix values were reported in some studies conducted in semi-arid and humid subtropical
climate zones [51,54]. This situation may be largely due to the variety characteristics,
whether the plant is a main or secondary crop, the types and doses of fertilizers used in
cultivation, and the amount of irrigation. In terms of harvest stages, the highest Brix value
was found at the milk stage in 2023 and the soft dough and milk stages in 2024. Inthe V x H
interaction, the highest Brix value in both years was found at the milk and soft dough
stages of the Erdurmus variety (Table 4). Some researchers have reported that the highest
Brix value in sweet sorghum increases as the crop growth cycle progresses across different
climate zones [26,29,53,55-57]. In sweet sorghum, although sugar accumulation essentially
begins at the booting stage, it shows a slow increase from the vegetative period to the
generative period. With increased carbohydrate competition after flowering, the declining
trends in acid invertase and sucrose synthase activities accelerate sugar accumulation in
the internodes during the milk and dough stages [26]. Indeed, at physiological maturity,
while acid invertase content decreases, neutral invertase activity increases, and as a result,
Brix value increases [29]. Furthermore, rainfall during the plant’s growing period is an
important factor in sugar accumulation. Indeed, in a study conducted during the dry
and rainy seasons, the highest Brix values were observed 3 and 4-5 weeks after booting,
respectively [58].
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Theoretical juice ethanol yield ranged from 359.3 to 1631.2 L ha~! and 540.0 to
2416.7 L ha~! in 2023 and 2024, respectively. In both years of the experiment, the highest
theoretical juice ethanol yield was obtained from the Erdurmus variety. The Uzun variety
recorded lower yields than the other two varieties (Table 4). The results obtained in this
study are consistent with research findings indicating that theoretical juice ethanol yields
of sweet sorghum varieties vary [29,59]. In 2023, the highest theoretical juice ethanol yield
was recorded at the milk stage, while in 2024, it was recorded at the milk stage (H3) and
soft dough stage (H4). Regarding the V x H interaction, the highest yield in both years was
found at the milk stage (H3) of the Erdurmus variety. The Uzun variety showed a narrower
range of theoretical juice ethanol yield across harvest stages than the other two varieties
(Table 4). The stages at which the highest theoretical juice ethanol yields were obtained
in the study showed a similarity to the Brix values. This is attributed to varieties with
high Brix values having high theoretical juice ethanol yields [60]. Nazli [26] reported that
the theoretical juice ethanol yield in sweet sorghum begins to increase after flowering and
remains constant until the physiological maturity stage. The results obtained in this study
fall within the wide range of reference values, indicating that theoretical juice ethanol yields
vary between 276 and 3559 L ha~!, depending on many factors such as different varieties,
harvest stages, planting times, and fertilization methods [26,29,59,61,62]. In addition to
these agronomic factors, the damage potential of sorghum shoot fly across different regions
may be another important factor behind the widespread fluctuations observed in juice
ethanol yield.

Theoretical lignocellulosic ethanol yields ranged from 1988 to 3496 L ha~! and from
2637 to 4486 L ha~! in 2023 and 2024, respectively (Table 5). The theoretical lignocellulosic
ethanol yields were higher in the second year than in the first. Tamang et al. [54] reported
that theoretical lignocellulosic ethanol yields of varieties also varied from year to year
under cool semi-arid climate conditions, with yields ranging from 848 to 1382 L ha—! in the
first year and from 866 to 1691 L ha~1! in the second year. In 2023, the highest theoretical
lignocellulosic ethanol yield was obtained from the Gulseker and Uzun varieties, while in
2024, it was obtained from the Uzun variety (Table 5). Studies conducted under different
ecological conditions with sweet sorghum varieties also identified variety differences in
theoretical lignocellulosic ethanol yield, with yields ranging from 2141 to 9380 L ha~!.
These findings are consistent with previous findings indicating variety differences [26,49].
While the variation among theoretical lignocellulosic ethanol yields determined in the
first year was more limited in terms of harvest stages, the highest yield in the second year
was obtained during the milk stage (H3) (Table 5). Contrary to our results, Nazli [26]
reported that theoretical lignocellulosic ethanol yield did not vary across milk, dough, and
physiological maturity stages in the Mediterranean climate zone.
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Table 5. Mean values of theoretical lignocellulosic ethanol yield (LEY), total theoretical ethanol yield (TEY), dry bagasse yield (DBY) and crude protein of bagasse
(BCP) for different sweet sorghum varieties and harvest stages.

LEY (L ha—1) TEY (L ha—1) DBY (tha—1) BCP (%)
Harvest Stage A% V2 V3 Mean Vi V2 V3 Mean Vi V2 V3 Mean Vi V2 V3 Mean
2023
H1 1988 2694 2284 2322b 2944 3455 2643 3014 ¢ 6.98 8.08 6.99 7.35¢ 3.24 bc 3.11bc 3.70 a 335a
H2 2473 3496 2982 2984 a 3823 4865 3608 4099 ab 8.22 10.60 9.10 9.30 ab 2.93b-d 2.98 b—d 3.10 be 3.00b
H3 2196 3186 3303 2895 a 3827 4720 4094 4214 a 8.11 9.88 10.72 9.57 a 244e 3.35ab 2.87 cd 2.89b
H4 2458 2997 2785 2747 a 4023 4044 3187 3751b 8.36 8.65 8.26 8.42b 1.98 f 2.31ef 2.58 de 229 ¢
Mean 2279 b 3093 a 2839 a 2737 B 3654 b 4271 a 3383 b 3769 B 7.92 9.30 9.77 8.66 B 2.65b 2.94a 3.06a 2.88
2024
H1 2956 2644 4374 3325b 4410 de 3184 f 4925 b—e 4173 ¢ 9.71 c—e 7.63 f 12.45a 9.93b 3.05a-d 2.73 cd 3.54a 311a
H2 2637 3044 4486 3389 b 4264 e 4401 de 5345 a—c 4670 bc 8.31 ef 9.36 d—f 13.05a 10.24 b 3.10a-d 2.91a-d 2.82b-d 2.94 ab
H3 3489 3754 4353 3865 a 5906 a 5641 ab 5278 a—d 5608 a 11.75 ab 11.29 a— 12.62a 11.89a 2.61d 2.99 a-d 3.45 ab 3.01a
H4 2992 2883 3481 3118 b 5172 a—d 4681 c—e 4405 de 4753 b 10.20 b—d 9.20 d—f 10.33 b—d 9.91b 187 e 2.53d 3.30 a— 2.57b
Mean 3018 b 3081 b 4173 a 3424 A 4938 4477 4988 4801 A 9.99b 9.37b 12.11a 10.50 A 2.66 b 2.79b 3.28a 291
Mean (2-year average)
H1 2472 2669 3329 2823 ¢ 3677 de 3320 e 3784 d-e 3593 ¢ 8.34 ef 7.85f 9.72 cd 8.64 ¢ 3.15b 292b 3.62a 3.23a
H2 2554 3270 3734 3186 ab 4043 cd 4633 ab 4477 be 4384 b 8.27 ef 9.98 b—d 11.08 ab 9.77b 3.02b 295b 2.96b 2.97b
H3 2843 3470 3828 3380 a 4867 ab 5180 a 4686 ab 4911a 9.93 b—d 10.58 a— 11.67 a 10.73 a 2.52¢ 3.17b 3.16b 2.95b
H4 2725 2940 3133 2933 bc 4597 be 4363 be 3796 de 4252 Db 9.28 de 8.93 d—f 9.29 de 9.17 be 1.93d 242 ¢ 2.94b 243 ¢
Mean 2648 ¢ 3087 b 3506 a 4296 4374 4186 8.95b 94b 1044 a 2.65¢ 2.86b 3.17a

Means followed by the same uppercase and lowercase letters within a column do not differ at p < 0.05. LEY: LSDyp3y: 444.6, LSDop3p: 338.5, LSDogpsy: 394.1, LSDogpary: 408.4,
LSDago3-2024v: 246.7, LSDogps a00ars: 256.0; TEY: LSDogpsy: 641.0, LSDogpsry: 419.8, LSDogoars: 514.7, LSDogoay it 891.4, LSDagoso04m1: 320.6, LSDagoso024v x: 555.2; DBY: LSDapozrs: 0.9847,
LSD2024\/2 1444, LSD2024HZ 1050, LSD2024VXHZ 1818, LSD2023_2024\/2 08198, LSD2023_2024H1 06947, LSD2023—2024V><H: 1203, BCP: LSD2023\/2 02169, LSD2023HI 02512, LSD2023V><H: 04351,
LSD2024\/2 0.3246, LSD2024HZ 0.3821, LSD2024V><H: 0.6619, LSD2023,2024\/: 0.1621, LSD2023,2024H2 0.2207, LSD2023,2024V><H3 0.3823. V1: Erdurmus, V2: Gulseker and V3: Uzun, H1: booting
stage, H2: 50% flowering stage, H3: milk stage and H4: soft dough stage.
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Total theoretical ethanol yields varied from 2643 to 4865 L ha~! in 2023 and from 3184
to 5906 L ha~! in 2024. When examining varietal variations across years, the highest yield
in 2023 was recorded in the Gulseker variety, while no significant difference was found
among varieties in 2024 (Table 5). The significance of varietal differences in terms of total
theoretical ethanol yields has also been reported by Nazli [26]. Large differences emerged
across harvest stages in both years, with the highest theoretical ethanol yield observed at
the milk stage. Regarding the V x H interaction, while the theoretical ethanol yields of
varieties varied within a narrow range depending on harvest stages in 2023, a different
development pattern emerged in 2024, particularly in the Erdurmus variety, compared
to other varieties, depending on plant growth stages, resulting in the highest theoretical
ethanol yield being obtained during the milk stage (H3) of the Erdurmus variety. Since
total theoretical ethanol yield consists of the sum of theoretical lignocellulosic ethanol yield
and theoretical juice ethanol yield, the highest yields were obtained during the milk stage
(H3), as expected (Tables 4 and 5). Contrary to the results of this study, Nazli [26] reported
that the theoretical ethanol yield remained stable between the milk and physiological
maturity stages.

Dry bagasse yields ranged from 6.98 to 10.72 t ha=! and from 7.63 to 13.05 t ha~!
in 2023 and 2024, respectively. Although there was no difference in dry bagasse yield
among varieties in the first year of the experiment, the highest dry bagasse yield was
obtained from the Uzun variety in the second year of the experiment and in the combined
data of both years. Since this variety had lower fresh stem and juice yields than other
varieties, the high dry bagasse yield was not surprising. In this study, the dry bagasse
yield of the Gulseker variety was 9.77 t ha~! in the first year and 12.11 t ha~! in the second
year (Table 5). Our results were lower than the values reported by Nazli [26] and Yucel
et al. [31] for the Gulseker variety in the Mediterranean climate zone (14.40 t ha~! and
12.78 t ha™!, respectively). This situation is thought to be largely due to temperature
differences. Indeed, the higher temperatures in July during the second year, compared to
the first year, positively affected plant development. Contrary to the results of this study,
Solomon et al. [63] reported that the dry bagasse yield of sweet sorghum varieties ranged
from 12.3 to 21.3 t ha~! and that variety differences were not significant. In both years of
the experiment, the highest dry bagasse yield was obtained during the milk stage (H3)
(Table 5). Contrary to our results, Nazli [26] reported in the Mediterranean climate zone
that the highest yields were obtained from the soft dough stage as the harvest progressed.
Those yields did not change significantly until the physiological maturity stage. Regarding
the V x H interaction, in 2024 the highest yields occurred in the Uzun variety at the
50% flowering (H2), milk (H3), and booting (H1) stages (Table 5). This strong interaction
between variety and harvest stage on yield parameters is consistent with previous findings
in the literature [26].

Lignin contents varied from 3.82 to 7.26% and from 2.68 to 5.46% in 2023 and 2024,
respectively. In both years of the experiment, the variety with the highest lignin content
was Gulseker. While the highest lignin content was recorded at the soft dough stage (H4)
in 2023, no significant difference was observed among harvest stages in 2024. Cellulose
contents varied from 36.16 to 45.93% and from 26.65 to 36.99% in 2023 and 2024, respectively.
In the first year of the experiment, the highest cellulose content was detected in the Gulseker
variety. In contrast, in the second year, it was detected in both Gulseker and Uzun varieties
(Table 6). Depending on harvest stage, the highest cellulose content was observed at
the soft dough stage (H4) in the first year, whereas no significant change in cellulose
content was observed in the second year. In terms of V x H interaction, the highest
cellulose content in 2024 was detected in the Gulseker variety at the booting stage (H1),
followed by the Uzun variety at the booting (H1) and 50% flowering (H2) stages (Table 6).
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Hemicellulose content varied between 16.02% and 22.43% in 2023 and 25.10% and 33.79%
in 2024. While the highest hemicellulose content was obtained from the Uzun variety
in the first year, no significant difference was recorded among varieties in the second
year (Table 6). Although the Gulseker variety stands out for its high cellulose content
among fiber compositions, the high lignin ratio observed in both years poses an obstacle
to bioconversion of this variety. Nazli [26] reported that the Gulseker variety also had
high cellulose and lignin content in the Mediterranean climate zone. Tutar [60] reported
that a high lignin content prevents enzymes from accessing cellulose and hemicellulose,
thereby reducing bioethanol production. The variation in hemicellulose content over the
years reflects the parameter’s sensitivity to environmental factors. Although a high yield
of lignocellulosic ethanol was obtained from the Uzun variety in the second year, the
potential of this genotype in the semi-humid temperate transition zone should be evaluated
alongside other structural components, such as lignin, ADF, NDF, and biomass yield. The
Uzun variety is considered a promising genotype for lignocellulosic ethanol production
in the region and warrants further investigation. Solomon et al. [63] reported that the
cellulose and hemicellulose contents of varieties ranged from 25.8 to 30.8% and 18.5 to
23.3%, respectively, whereas the results obtained in this study were higher. Depending on
harvest stages, the highest hemicellulose content was found at the 50% flowering stage
(H2) in the first year; however, no difference was detected among hemicellulose contents in
the second year (Table 6). Contrary to our results, Zhao et al. [37] and Nazli [26] reported
that cellulose content was highest at the flowering stage and decreased significantly in
subsequent stages. Furthermore, Zhao et al. [37] reported that the hemicellulose content
of sweet sorghum varieties continuously decreased depending on the number of days
after anthesis in the temperate continental monsoon climate zone, whereas Nazli [26]
reported that hemicellulose content was similar at the flowering and soft dough stages
in the Mediterranean climate zone. This situation may have resulted from differences
in varieties, agronomic practices, and the different climatic zones in which the studies
were conducted.

3.2. Feed Quality of Bagasse

According to the combined two-year variance analysis results for the characteristics
examined in bagasse feed quality (BCP, BADF, BNDEF, and RFV), although significant differ-
ences emerged among varieties, the effect of harvest stage was significant only for crude
protein content. Furthermore, the effect of years on all examined quality characteristics
(except bagasse crude protein content) was highly significant. Therefore, only the combined
data from both years were evaluated for bagasse crude protein content. When the years
were evaluated separately, in 2023, the main effects of varieties and harvest stages were
statistically significant for all examined characteristics. In 2024, statistically significant
differences emerged among varieties for all examined characteristics. Regarding harvest
stages, only crude protein content showed a statistically significant difference. Regarding
the V x H interaction, significant differences were observed only in the crude protein and
ADF contents of bagasse (Table 3). According to the two-year average data, the crude
protein content of bagasse ranged from 2.65 to 3.17%, and the highest crude protein content
was observed in the Uzun variety (Table 5). Yucel et al. [31] reported that the crude protein
content of bagasse silage from the Gulseker variety was 4.15% in the Mediterranean climate
zone, which is considerably higher than the Gulseker variety’s crude protein content deter-
mined in this study. This difference may primarily stem from ensiling, which improves
bagasse quality. Indeed, Nazli [26] reported that the crude protein content of bagasse from
sweet sorghum varieties ranged from 2.8% to 3.4%. In this research, the highest crude
protein content (3.23%) was found at the booting stage. Contrary to this research’s results,
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Nazli [26] reported that crude protein content did not change in the first year across harvest
stages. In contrast, in the second year, the highest content was obtained at the physiological
maturity stage. In this study, the highest crude protein content was observed at the booting
stage (H1) of the Uzun variety (Table 5). Since the bagasse’s crude protein content is low,
further studies could be conducted to improve its use in animal feed. Bagasse’s ADF
content ranged from 40.22% to 51.65% in 2023 and 29.33% to 42.12% in 2024; NDF ranged
from 56.69% to 74.04% in 2023 and 59.36% to 71.56% in 2024. Bagasse’s ADF and NDF
content across the varieties showed significant differences, with the highest ADF and NDF
content obtained from the Gulseker variety in the first year and the Gulseker and Uzun
varieties in the second year (Table 7). In studies conducted with sweet sorghum varieties,
ADF and NDF contents varied among varieties. In contrast, similar values were observed
in others [26,57]. Depending on the progression of harvest stages, the highest ADF and
NDEF contents (48.28% and 68.62%, respectively) were determined at the soft dough stage
in the first year. In contrast, no significant difference emerged among harvest stages in the
second year (Table 7). Contrary to the results of this study, Nazli [26] reported that the
highest ADF content was observed at the flowering stage. In contrast, the highest NDF
content was found at the flowering and physiological maturity stages in the first year and
only at the flowering stage in the second year. This situation may likely have resulted
from differences in variety and climatic conditions. Regarding the V x H interaction, the
highest ADF content was observed in the Gulseker variety during the heading stage only
in 2024 (Table 7). The RFV of bagasse ranged from 59.65 to 93.95 and 72.55 to 103.73 in
2023 and 2024, respectively. In both years of the experiment, the highest RFV was obtained
from the Erdurmus variety, followed by the Uzun and Gulseker varieties. In terms of
harvest stages, the highest RFV was found at the milk stage (H3) in 2023, and no significant
difference emerged among harvest stages in 2024 (Tables 3 and 7). Among the varieties
used in this study, although the Uzun variety had a higher crude protein content than
others, the Erdurmus variety stood out for its bagasse quality, with low ADF and NDF
content and a high RFV. Therefore, the Uzun variety can be used directly as animal feed in
this region. The lower juice yield of the Uzun variety compared to other varieties, combined
with its higher bagasse yield and crude protein content, demonstrates the potential for this
variety to be utilized solely as forage rather than for dual-purpose use. Studies conducted
across different climate zones have also reported significant differences in bagasse quality
across different varieties [24—26]. Future research aimed at improving the nutritional value
and feed quality of the bagasse released after juice ethanol production holds significant
potential, particularly for producers facing roughage shortages. Furthermore, in the future,
an alternative production strategy could be to use sweet sorghum varieties with high
sugar content but low industrial juice yield as direct forage crops, harvesting them for
livestock feeding rather than for ethanol production. Sweet sorghum contains a higher
proportion of fermentable sugars than corn and possesses a much more drought-resistant
structure, which could provide a sustainable increase in productivity in animal production,
particularly in regions where water is a concern in the future.
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Table 6. Cell wall components as affected by variety and harvest stage.

Harvest Stage Lignin Cellulose Hemicellulose

Vi V2 V3 Mean Vi V2 V3 Mean Vi V2 V3 Mean
2023
H1 4.03 6.27 4.33 4.88c 36.73 45.38 40.65 40.92b 18.26 18.97 22.42 19.88 ab
H2 421 5.93 4.94 5.02 bc 38.01 42.46 41.55 40.67 b 20.24 21.19 21.70 21.04 a
H3 4.51 6.71 5.32 5.51 ab 36.16 43.73 39.16 39.68 b 16.02 18.49 22.43 18.31Db
H4 3.82 7.26 5.89 5.66 a 38.53 45.93 43.43 42.63 a 18.35 20.86 21.79 20.33 a
Mean 414 c 6.54 a 512b 527 A 37.36 ¢ 4437 a 41.20b 40.98 A 18.22b 19.88 ab 2159 a 19.89 B
2024
H1 3.39 5.13 3.62 4.05 30.64 c 36.99 a 33.96 a—c 33.86 28.05 29.84 33.79 30.69
H2 3.71 4.72 4.01 415 33.53 a— 33.80 a— 33.79 a— 33.71 27.39 28.99 32.67 29.68
H3 4.05 5.44 4.88 4.79 32.40 bc 35.44 ab 35.95a 34.59 25.10 28.77 30.84 28.24
H4 2.68 5.46 4.90 4.35 26.65d 34.43ab 35.97 a 32.36 30.02 26.48 28.83 28.44
Mean 3.46¢ 519a 4.35b 433 B 30.80b 35.17 a 3492 a 33.63B 27.74 28.52 31.53 29.26 A
Mean (2-year average)
H1 3.71 ef 5.70 ab 3.98 de 446b 33.68 g 41.19a 37.30 de 37.39 23.35 24.41 28.10 25.28
H2 3.96 de 5.33b 4.47 cd 459b 35.77 ef 38.13b—d 37.67 c—e 37.19 23.82 25.09 27.18 25.36
H3 4.28 de 6.08 a 5.10 be 515a 34.28 fg 39.58 a—c 37.55de 37.14 20.56 23.63 25.63 23.27
H4 3.25f 6.36 a 5.39b 5.00a 3259¢g 40.18 a 39.71 ab 37.49 24.19 23.67 25.31 24.39
Mean 3.80c 5.86a 473b 34.08 c 39.77 a 38.06 b 22.98b 2420b 26.56 a

Means followed by the same uppercase and lowercase letters within a column do not differ at p < 0.05. Lignin: LSDgp3y: 0.4531, LSDypo3p: 0.5530, LSDagosy: 0.5565, LSDyg23-2024v
0.2980, LSD2023_2024H2 0.3905, LSD2023_2024V><H2 0.6763,‘ Cellulose: LSD2023\/2 4.220, LSD2023HZ 1.318, LSD2024\/2 2.417, LSD2024V><HC 3.468, LSD2023_2024\/2 1.394, LSD2023_2024V><HZ 2.004,‘
Hemicellulose: LSDygp3y: 2.023, LSDopo3pr: 1.771, LSDopo3 o004y 1.652. V1: Erdurmus, V2: Gulseker and V3: Uzun, H1: booting stage, H2: 50% flowering stage, H3: milk stage and H4:
soft dough stage.
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Table 7. Bagasse feed quality parameters as affected by variety and harvest stage.

BADF (%) BNDF (%) RFV

Harvest Stage

Vi V2 V3 Mean Vi V2 V3 Mean Vi1 V2 V3 Mean
2023
H1 40.76 51.65 4497 45.79b 59.02 70.62 67.39 65.68 b 90.24 64.16 74.36 76.25 ab
H2 42.22 48.38 46.49 45.70b 62.46 69.57 68.19 66.74 ab 83.50 68.54 71.95 74.67 b
H3 40.67 50.44 44.48 4520b 56.69 68.93 64.91 63.51 ¢ 93.95 67.03 77.76 79.58 a
H4 42.35 53.18 49.32 48.28 a 60.70 74.04 71.11 68.62 a 85.72 59.65 66.05 7047 c
Mean 4150 ¢ 5091 a 46.32b 46.24 B 59.72 ¢ 70.79 a 67.90 b 66.13 B 88.35a 64.84 c 72.53b 75.24 B
2024
H1 34.03d 4212 a 37.58 b-d 37.91 62.48 71.96 71.37 68.60 93.05 72.55 77.74 81.11
H2 37.24b-d 38.53 a-c 37.80 b-d 37.85 64.63 67.51 70.47 67.54 86.30 81.17 78.64 82.04
H3 36.45 cd 40.88 ab 40.82 ab 39.38 61.54 69.65 71.67 67.62 91.63 76.21 74.22 80.69
H4 2933 e 39.89 a-c 40.89 ab 36.71 59.36 66.37 69.72 65.15 103.73 81.13 76.96 87.27
Mean 34.26b 40.35 a 39.27 a 37.96 B 62.00b 68.87 a 70.80 a 67.23 A 93.68 a 7776 b 76.89b 80.78 A
Mean (2-year average)
H1 37.39 ef 46.89 a 41.28 cd 41.85 60.75 71.29 69.38 67.14 91.64 a 68.35 e 76.05c 78.68
H2 39.73 de 43.46 bc 42.14 cd 41.78 63.55 68.54 69.33 67.14 84.90b 74.86 cd 75.30 cd 78.25
H3 38.56 e 45.66 ab 42.65 ¢ 42.29 59.12 69.29 68.29 65.56 92.79 a 71.62 c-e 75.99 c 80.13
H4 35.84 46.54 a 45.11 ab 42.49 60.03 70.21 70.42 66.88 94.73 a 70.39 de 75.51 c—e 78.87
Mean 37.88 c 45.63 a 42.79b 60.86 b 69.83 a 69.35 a 91.02 a 71.30 c 74.71b

Means followed by the same uppercase and lowercase letters within a column do not differ at p < 0.05. ADF: LSDygp3v: 2.580, LSD2gp3pi: 1.525, LSDopoav: 2.892, LSDogoav xi: 4.295,
SD2023_2024\/Z 1.609, LSD2023_2024V><HZ 2.434; NDF: LSD2023\/2 1.118, LSD2023H11.891, LSD2024\/: 2.291, LSD2024\I: 1.059; RFV: LSngzgvi 3.842, LSD2023HC 3.429, LSD2024\JZ 5.250, LSD2023_2024\/Z
2.702, LSD2gp3-2024v xc 112 5.546. V1: Erdurmus, V2: Gulseker and V3: Uzun, H1: booting stage, H2: 50% flowering stage, H3: milk stage and H4: soft dough stage.
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3.3. PCA-Based Evaluation of Variety x Harvest Stage Interactions

According to the PCA, in 2023, 49.3% of the total variation was explained by PC1 and
27.5% by PC2, for a total of 76.8%. In 2024, 48.9% was explained by PC1 and 23.2% by PC2,
with these two axes accounting for 72.1% of the variation (Figure 1).

According to the PCA results (2023 and 2024), correlations were found among the
characteristics, and these varied depending on climatic factors. In 2023, vector analysis
revealed a strong positive correlation among cell wall components NDF, ADF, lignin,
and cellulose. These fiber components exhibited a negative relationship with the quality
parameters Brix and RFV. The Erdurmus (V1) variety was positioned away from fiber and
lignin vectors and close to quality vectors at all harvest stages, distinguishing itself from
other varieties. The Gulseker variety (V2) achieved the highest performance values for
fresh stem, dry bagasse, and juice yields, particularly during the milk stage (H3). It was
found that all varieties showed a systematic shift toward the right quadrant, indicating
fiber accumulation, as the harvest stage progressed. In 2024, the strong association among
fiber components (ADF, NDEF, and lignin) was maintained. However, unlike 2023, yield
parameters such as dry bagasse, juice, and theoretical juice ethanol yields clustered in the
negative direction of the PC2 axis. The Erdurmus variety maintained its status as the most
stable in terms of bagasse quality, with low lignin and fiber (NDF/ADF) content in 2024 as
well. The Uzun variety, which had quite low Brix values and juice yield, had a higher dry
bagasse yield in 2024 than in 2023.

4. Conclusions

In this study, the effects of different harvest stages on sweet sorghum varieties for first-
and second-generation bioethanol production, as well as the utilization of the remaining
bagasse as animal feed after juice extraction, were examined, and the resulting data were
visualized using PCA. In both years, the dominance of fiber components in late-harvested
material shows that determining the “optimum harvest stage” is extremely important for
bioethanol or animal feed production. Obtaining the maximum theoretical juice ethanol
yield while simultaneously using bagasse as high-quality animal feed represents the most
difficult balance point in sweet sorghum cultivation. This is because while plant maturation
is desired for theoretical juice ethanol yield, early harvest is preferred for feed quality
(low lignin and ADF/NDF). In particular, when the Erdurmus variety is harvested at the
milk stage, high theoretical juice ethanol yields can be achieved while also enabling the
production of highly digestible bagasse. The milk stage (H3) of the Gulseker variety has
come to the forefront, especially for first- and second-generation bioethanol production. In
the future, studies should be conducted to improve bagasse feed quality, particularly for
varieties such as sweet sorghum, which can be used in both first- and second-generation
bioethanol production.
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The following abbreviations are used in this manuscript:

ADF Acid detergent fiber
ADL Acid detergent lignin
ANOVA  Analysis of variance
BADF ADF content of bagasse

BCP Crude protein of bagasse
BNDF NDF content of bagasse

DBY Dry bagasse yield

DDM Digestible dry matter

DMI Dry matter intake

FSY Fresh stem yield

H Harvest stage

JEY Theoretical juice ethanol yield
JY Juice yield

LEY Theoretical lignocellulosic ethanol yield
LSD Least significant difference
NDF Neutral detergent fiber

PCA Principal component analysis
RFV Relative feed values

SV Sources of variation

\% Variety

Y Year
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