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Abstract

Tef [Eragrostis tef (Zucc.) Trotter] is a multi-harvest annual cereal crop with outstanding
fodder quality. Our overall goal was to evaluate tef as a multi-harvest summer fodder
crop for Israeli dairy cows, and the objective of the study was to evaluate the effects of
genotype earliness and harvest regimes on tef forage yield and quality. We report on
the effects of genotype earliness and harvest timing on tef forage yield and quality for
twelve genotypes (six early and six late) during two experimental years, each at different
locations (hereafter environment 1-Revadim and 2-Shiller) in Central Israel. Under
environment 1, forage yield was significantly greater at the grain-filling stage than at
the heading stage (2100 vs. 1700 g DM/m2, significant). However, cell wall carbohy-
drates and crude protein content were higher at heading than at the grain-filling stage
(14% vs. 11%). Early-heading genotypes yielded more than late-heading at the grain-filling
stage (2300 vs. 1800 g DM/m2, significant). In contrast, under environment 2, late-heading
genotypes yielded more than early-heading ones (2400 vs. 1400 g DM/m2, significant). The
in vitro dry matter digestibility (IVDMD) and in vitro neutral detergent fiber digestibility
(IVNDFD) were higher at heading than at the grain-filling stage (75 vs. 53%, significant
and 71 vs. 47%, significant, respectively). Late-heading genotypes had more IVDMD and
IVNDFD than early-heading genotypes (54 vs. 52% and 48 vs. 46%, respectively). Under
Mediterranean conditions, harvesting at heading maximizes crude protein, IVDMD, and
IVNDFD, whereas harvesting at the grain-filling stage maximizes yield. All genotypes
maintained high quality with low lignin, which is desirable for livestock forage. Our
findings imply that tef is a high-quality multi-harvest summer crop, which could be a
potential alternative fodder crop for Israeli dairy cows.

Keywords: genotype; harvest regime; in vitro digestibility; tef forage; tef forage yield

1. Introduction
Tef (Eragrostis tef (Zucc.) Trotter, also known as teff) is a cereal crop of Ethiopian

origin, known as an agricultural crop for over 2000 years [1]. It is a major source of food
and feed in Ethiopia, occupying about 30% of the land used to cultivate cereals [2]. Tef
is an annual plant with an upright stem and an oat-like panicle, either free or compact,
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and comprises 2–12 flowers per spikelet [3]. The flowers are bisexual, with about 99%
self-pollination. Tef grains are very small; 1000 seeds have a mass ranging from 0.25 to
0.35 g, with varieties differing in grain color, from white to dark brown [4]. Tef has a
C4 photosynthetic pathway, enabling high productivity in hot climates and the ability
to grow in diverse climatic conditions [3,5,6]. Tef is adapted to low rainfall conditions
(450–550 mm); however, under stress conditions such as drought, tillers and grain yield
reduced up to 30% and 44%, respectively, on a whole-plant basis [7].

Various countries, other than Ethiopia, have an increasing interest in tef cultivation as
a grain or fodder crop for various reasons [8,9]. In Israel, the introduction of tef is driven by
dual factors: first, the demand for tef grain by the Ethiopian ethnic community, and second,
an interest in diversifying field crops, in general, as well as ruminant fodder crops. Dairy
cows’ feed in Israel is based on locally produced roughage (fibrous material), mostly wheat
and maize, which requires complementing feed with expensive, imported concentrates
(mainly grain).

Tef, a multi-harvest crop with a high production capacity and prime fodder qual-
ity [10], could be used as an alternative summer forage [11]. Tef straw is preferred by
cattle relative to other cereal straws, hence can be used as livestock feed during the dry
seasons where there is a shortage of feed, fetching a premium price [7]. Tef is capable of
growing and producing in a wide variety of environments, including marginal lands
within a relatively short period of time [8,12]. Research has shown that the nutritional
value of tef fodder is similar to other fodder used to make hay and silage [13,14], with a
digestibility similar to tropical grasses [15]. Tef has a crude protein (CP) content higher
or similar compared to other cereal grains [10], as well as high trace minerals, such
as calcium, phosphorus, iron, etc., and thiamine [16]. However, similar to most crops,
CP and digestibility decrease with increased maturity, which could be overcome by
harvesting the forage at an optimal stage of growth, balancing quality and quantity.
Earlier work performed by Ketema [3] showed that tef can tolerate moisture stress and
produce where other cereals such as maize and sorghum fail and can also be used as a
double or relay crop. Considering the pest and disease aspects, tef grains are resistant to
pest attack (weevils) relative to other cereals; hence, it can be easily stored with minimal
postharvest losses and costs [3]. Tef seeds remain viable for up to three years for sowing
and five years to almost indefinitely for food consumption [17]. Hence, the introduc-
tion of tef as a new, high-quality fodder crop would diversify both field and ruminant
forage crops.

Tef is one of the typical examples of alternative crops, and it has been reported
by [18] that it can adapt to Mediterranean conditions. After a short period of rainfall,
it can grow in drought-tolerant fields [3]. In Israel, because of its small seeds, it is
sown at a depth of 2–3 mm; tef is sown in Israel during the spring (March–April), at
the onset of the hot and dry summer. Rainfall in Israel in March, and even more so in
April, is very limited and scattered, and, therefore, irrigation is essential for securing
proper germination and crop establishment [8,19]. Tef produces grains and/fodder in a
relatively short growing season (30–90 days) [19,20], and it can be harvested multiple
times in a growing season [7,11,21].

The planting date is key to optimizing plant production. This calls for selection of
the most adequate growing period, where the plant has reached physiological maturity
and allows selection of the most suitable genotype so as to obtain high yield and quality
of tef [22]. Being a relatively new crop, its harvesting period is relatively unknown, and
it also varies with location, variety, and prevailing seasonal weather [23]. Information
about the optimal genotype and harvesting timing on tef forage yield and quality under
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Mediterranean conditions is scant [22]. Hence, we conducted an experiment to evaluate
the effects of genotype and harvesting time on tef forage yield and quality.

Fodder quality is determined by the ability to satisfy appetite, as well as its effects on
milk yield, butter fat content (BFC), odor, animal growth rate and health, palatability, and
comparative preference in relation to other fodders [24]. All these parameters are influenced
by leaf texture, maturity, taste, toxicity, growth season, and management regimes [24]. Low
nutritive value feeds may be associated with weight loss, a decrease in milk yield, BFC,
and livestock deterioration. Generally, feeding young forage to livestock is more nutritious,
but limitations include a low biomass yield because the forage will not have attained full
potential, requiring more land for production; and in case the young forage is leguminous,
it may result in rumen bloat [25]. When the fodder is harvested at late maturity, it may be
less nutritious because of the reduction in crude protein and digestibility [10]. The decision
when to harvest fodder for livestock production should strike a balance between nutritive
value (quality) and yield in biomass (quantity).

Our overall goal was to evaluate tef as a multi-harvest summer fodder crop for Israeli
dairy cows. In our previous papers, we have shown that tef can be successfully preserved
as silage [26] and that inclusion of tef hay in the rations of high-producing dairy cows
increased milk yield [27]. Based on a previous study conducted by our group, we found a
wide genetic diversity in tef germplasm for phenology (e.g., flowering time), morphology,
and productivity [4]. We hypothesized that tef germplasm can offer a wide diversity in
regrowth capacity, fodder productivity, and quality, and that genotype earliness and harvest
regime affect forage yield and quality. Hence, we aimed to evaluate the effect of genotype
earliness (early vs. late), harvest regime (heading vs. grain-filling), and their interaction on
forage yield and quality.

2. Materials and Methods
2.1. Plant Materials

Tef accessions, mostly collected by the USDA in Ethiopia during the 1950s–60s, and
later stored in the Israel Gene Bank (Agricultural Research Organization, Volcani Center,
Rishon LeZion, Israel), were propagated and genetically fixed via one round of single-plant
selection. A tef diversity panel (TDP-300) consisting of 297 genotypes representing a wide
phenotypic and genetic diversity [4,28] was assembled at The Robert H. Smith Faculty
of Agriculture, Food and Environment, the Hebrew University of Jerusalem. Twelve tef
genotypes, characterized by high productivity, leafy canopy, and various levels of earliness
(heading time), were selected from the diversity panel for the forage experiments, based on
our preliminary studies.

2.2. Experimental Design and Growth Conditions

Two field experiments were conducted during two consecutive years at two sites
in Israel located ≈ 13 km apart: in 2020, Kibbutz Revadim (31◦46′04.8′′ N 34◦49′03.2′′ E;
hereafter Revadim), and in 2021, Kvutzat Shiller (31.879◦ N, 34.777◦ E; hereafter Shiller).
The soil types were clay (42% sand, 17% silt, and 41% clay) at Revadim and sandy clay
(47% sand, 15% silt, and 38% clay) at Shiller. During the experimental season, average
temperatures were 17.8/30.7 ◦C (min/max) in Revadim and 16.8/31.3 ◦C in Shiller. Soil
preparation included tilling and flattening with a heavy-duty leveler and crumble roller
to obtain a smooth and even seedbed. Seeds were mechanically sown on 19 April 2020 in
Revadim and 22 April 2021 in Shiller at a 1 cm depth using a plot seeder (Wintersteiger,
Ried im Innkreis, Austria). The sowing rate was equivalent to 4 kg/ha based on our
previous studies [29]. Sprinkler irrigation was applied at both sites, starting with 1–3-day
intervals until 2 weeks after emergence and then switching to a one-week interval for
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the remaining experimental season. The total water applied was 446 and 484 mm in
Revadim and Shiller, respectively. No rainfall was received during the experimental sea-
sons. No fertilizer was applied in Revadim, owing to the nutrient-rich effluent water
(containing 24, 2, and 20 ppm N, P, and K, respectively), whereas in Shiller, liquid fer-
tilizer was applied via the irrigation system (920 L ha fertilizer, consisting of 5, 3, and
8% N, P2O5, and K2O, respectively). Weed control was applied according to commercial
farming practices.

Each experiment consisted of twelve genotypes and six replicates in a randomized
block design with split plots. Genotypes were randomized within each block, whereas
different harvest timings were applied in subsections of each plot as specified hereafter.
Each experimental plot was 10 m long and 1.6 m wide, subdivided into 3 sections
(each 3.3 m by 1.6 m). Two harvest regimes were applied in different sections of each
experimental plot: harvest at heading time and at grain development. It is worth
mentioning that besides the two sections (1, for harvest at heading and 2, for harvest
at the grain-filling stage), there was a third section designated for harvesting mature
seeds for future experiments. All experimental plots were carefully inspected twice a
week to assess their development and phenology. Heading was recorded when most
plants in a certain experimental plot exhibited fully exposed panicles, and a genotype
was considered at heading when at least 4 of the 6 replicates reached heading. Plant
samples of each genotype were harvested at its heading day and once more during
grain filling (determined chronologically at three weeks after heading). Specific sections
(~2 × 1.6 m) within each experimental plot were allocated for each harvest regime. A
0.25 m2 sample was harvested from each plot at the designated time and section, after
which the entire section of the plot was mowed using a handheld motor-driven mower
(Hagarin Ltd., Yavne, Israel), and all biomass was removed, initiating a new growth
cycle (Figure 1A–D). This methodology allowed sampling of each line at the required
phenological stages with minimum interference to other lines. The harvested samples
were oven-dried at 60 ◦C for 48 h to determine dry matter (DM) yield and subsequently
used for quality assessment.

  
(A) (B) 

Figure 1. Cont.
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(C) (D) 

Figure 1. Experimental methodology: (A) Establishment of the tef plots, (B) an area of 0.25 m2

harvested from the plot, (C) a pre-determined section of the plot mowed and biomass removed
following the harvest of the 0.25 m2, (D) regrowth of the mowed plot; note the second section of the
same plot designated to be harvested at grain filling.

The same twelve genotypes were examined in both years (Table 1), apart from RTC-
266, which was replaced by RTC-55 due to seed deficiency. Genotypes were categorized
based on their actual heading time into two phenological groups: an early group, heading
at 46–51 and 48–52 days after sowing (DAS) in Revadim and Shiller, respectively, and a
late group, heading at 57–70 and 55–59 DAS, respectively. Most genotypes exhibited a
consistent earliness, except RTC-304, which fell into the early group in Revadim and the
late group in Shiller. In Revadim, the early genotypes were harvested 3–4 times at heading
and twice at grain filling, whereas the late ones were harvested 2–3 times at heading and
1–2 times at grain filling. In Shiller, both early and late genotypes were harvested 3 times at
heading and once at grain filling.

Table 1. Forage harvesting times of twelve tef genotypes differing in earliness under two harvest
regimes (at heading and grain filling) in the field across two experimental seasons.

Revadim, 2020

Earliness and Genotype A. Harvest at Heading B. Harvest at Grain Filling

Harvest A1 Harvest A2 Harvest A3 Harvest A4 Harvest B1 Harvest B2
Date (DAS) Date (DAH) Date (DAH) Date (DAH) Date (DAS) Date (DAH)

[E]RTC-13 09.6.20 (51) 05.7.20 (26) 16.8.20 (42) _ 28.6.20 (70) 23.8.20 (56)
[E]RTC-17b 09.6.20 (51) 05.7.20 (26) 10.8.20 (36) _ 28.6.20 (70) 16.8.20 (49)
[E]RTC-275 04.6.20 (46) 28.6.20 (24) 19.7.20 (21) 30.8.20 (42) * 24.6.20 (66) 16.8.20 (53)
[E]RTC-276 09.6.20 (51) 28.6.20 (19) 19.7.20 (21) 30.8.20 (42) * 28.6.20 (70) 23.8.20 (56)

[E]RTC-290b 09.6.20 (51) 28.6.20 (19) 26.7.20 (28) 30.8.20 (35) * 28.6.20 (70) 23.8.20 (56)
[E]RTC-313b 09.6.20 (51) 05.7.20 (26) 10.8.20 (36) 30.8.20 (20) * 28.6.20 (70) 30.8.20 (63)
[E]RTC-304 04.6.20 (46) 28.6.20 (24) 26.7.20 (28) 30.8.20 (35) * 24.6.20 (66) 16.8.20 (53)
[L]RTC-58 15.6.20 (57) 09.7.20 (24) 30.8.20 (52) * _ 05.7.20 (77) 30.8.20 (56) *

[L]RTC-100b 21.6.20 (63) 02.8.20 (42) _ _ 12.7.20 (84) 30.8.20 (49) *
[L]RTC-168 15.6.20 (57) 09.7.20 (24) 30.8.20 (52) * _ 05.7.20 (77) 30.8.20 (56) *
[L]RTC-406 21.6.20 (63) 02.8.20 (42) _ _ 12.7.20 (84) 30.8.20 (49) *
[L]RTC-266 28.06.20 (70) 10.08.20 (43) _ _ 19.07.20 (91) _
[E]RTC-13 13.06.21 (52) 06.07.21 (23) 30.08.21 (55) 06.07.21 (78)

[E]RTC-17b 09.06.21 (48) 06.07.21 (27) 30.08.21 (55) 30.06.21 (72)
[E]RTC-275 13.06.21 (52) 06.07.21 (23) 30.08.21 (55) 06.07.21 (78)
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Table 1. Cont.

Shiller, 2021

[E]RTC-276 13.06.21 (52) 11.07.21 (28) 30.08.21 (50) 06.07.21 (78)
[E]RTC-290b 13.06.21 (52) 11.07.21 (28) 30.08.21 (50) 06.07.21 (78)
[E]RTC-313b 13.06.21 (52) 06.07.21 (23) 30.08.21 (55) 06.07.21 (78)
[L]RTC-304 16.06.21 (55) 11.07.21 (25) 30.08.21 (50) 08.07.21 (80)
[L]RTC-58 20.06.21 (59) 01.08.21 (42) 30.08.21 (29) 11.07.21 (83)

[L]RTC-100b 20.06.21 (59) 27.07.21 (37) 30.08.21 (34) 11.07.21 (83)
[L]RTC-168 20.06.21 (59) 20.07.21 (30) 30.08.21 (41) 11.07.21 (83)
[L]RTC-406 16.06.21 (55) 15.07.21 (30) 30.08.21 (46) 08.07.21 (80)
[L]RTC-55 16.06.21 (55) 06.07.21 (21) 30.08.21 (55) 08.07.21 (80)

Harvest A1 to A4 are the first to fourth harvests at heading time; harvest B1 and B2 are the first and second
harvests at grain filling. DAS = Days After Sowing, DAH = Days After Harvest. * indicates that the genotype was
harvested before its designated phenological stage at the end of the experiment; [E] = early-heading genotypes
and [L] = late-heading genotypes.

2.3. Forage Quality Assessment

All samples collected from the field were subjected to quality assessments. Dry
biomass was first ground in a hammer mill with a 4 mm screen and further ground to a finer
particle size in a knife mill (Thomas–Willey Laboratory Mill, model 4, Arthur H. Thomas
Company, Philadelphia, PA, USA) to pass through a 2 mm screen. The samples were ana-
lyzed for CP using the Kjeldahl method (KjelMaster-K375, Buchi, Flawil, Switzerland) [30],
as well as for neutral detergent fiber (NDF), acid detergent fiber (ADF), hemicellulose, cel-
lulose, and lignin [31]. Using the same ground samples, three samples (biological replicates,
n = 3) from each genotype and harvest regime from the 2021 experiment were subjected to
in vitro dry matter digestibility (IVDMD) assays conducted according to the protocol of [32]
and adapted to the DAISYII220 apparatus (ANKOM Technology Corp., Fairport, NY, USA).
The IVDMD was completed in two phases: aerobic and anaerobic, with 48 h of incubation
each. The IVDMD samples were dried and analyzed for NDF and used to calculate the
in vitro neutral detergent fiber digestibility (IVNDFD). Rumen fluids were obtained from
two ruminally fistulated wether Assaf sheep that were fed a standard ration containing
2.42 Mcal ME and 120 g of CP per kg on a DM basis. The ration contained 73% roughage
feed of mainly wheat silage, clover hay, wheat hay, as well as concentrates, minerals, and
vitamins to satisfy the maintenance requirements according to the recommendations [33].
In order to alleviate the effect of the sheep’s diet on digestibility, the rumen liquid from
both sheep was pooled before running the in vitro assays. All procedures involving animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC)
of the Hebrew University of Jerusalem (Ethical Approval Number: AG-23-17436-3).

2.4. Data Processing and Statistical Analysis

Data were processed in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA, 2018).
To better represent genotype performance throughout the season, weighted averages of quality
traits were calculated for each experimental plot as Qavg = (DM1 × Q1 + . . . DMn × Qn)/ΣDM1−n,
where Qavg is the weighted average of trait Q; DM1 − DMn and Q1 − Qn are the DM and
Q values for harvest 1 to n; and ΣDM1−n is the total DM yield harvested from that plot.
Analysis of variance (ANOVA) was conducted using the JMP® version 17.0 Pro statistical
package (SAS Institute, Cary, NC, USA). A two-way ANOVA model was employed to
assess the effect of the harvesting regime across all genotypes on forage yield and quality. In
addition, a nested two-way ANOVA was used to specifically assess the effects of earliness
and genotypes (nested within earliness) on forage yield and quality of each harvest regime.
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3. Results
3.1. The Effect of Harvest Regime on Yield and Quality of Tef Forage Across Two Years

For the Revadim experiment, the DM yield was significantly greater by over 400 g DM/m2

when the tef forage was harvested at the grain-filling stage than at the heading stage. However,
the CP yield was 35 g CP/kg DM higher (CP yield = %CP × 10), and cell wall carbohydrates
(NDF, ADF, hemicellulose, and cellulose) were ≈1–2% higher when the tef forage was harvested
at heading compared to the grain-filling stage. Lignin was nearly ≈2% greater when the tef
forage was harvested at the grain-filling stage than at the heading stage (Table 2).

For the Shiller experiment, the tef forage yield, hemicellulose and lignin did not differ
between the two harvest regimes. Harvest at heading resulted in a 45 g CP/kg DM greater
CP yield and ≈3.4% lower cell wall carbohydrates (NDF, ADF, and cellulose) than harvest
at the grain-filling stage. It is worth noting that the CP content in Shiller was lower than
in Revadim, though the effect of harvest regime was consistent. In Revadim, the cell wall
carbohydrates were higher at the heading stage, whereas in Shiller, they were higher at the
grain-filling stage (Table 2).

3.2. The Effects of Earliness and Genotypes on Yield and Quality of Tef Forage
3.2.1. Revadim Experiment (2020)

The forage DM yield harvested in the Revadim experiment at the heading stage
ranged between 1500 and 1850 g DM/m2, with no significant differences between and
within earliness groups. When harvested at the grain-filling stage, the yield was higher
in the early- than the late-heading genotypes by over 500 g DM/m2. The tef forage yield
at the grain-filling stage differed among the early-heading genotypes, ranging between
1874.3 and 2633.9 g DM/m2, whereas the late-heading genotypes also did not differ and
ranged between 1415.9 and 1962.2 g DM/m2 (Table 3).

The CP yield of tef forage when harvested at the heading stage differed between
earliness groups, with nearly 18 g CP/kg DM higher at the early- than late-heading
genotypes (151 vs. 133 g CP/kg DM). The CP yield also differed among the early-heading
genotypes, ranging from 140 to 160 g CP/kg DM; the late-heading genotypes also differed,
ranging between 121 and 144 g CP/kg DM. When harvested at the grain-filling stage,
the CP did not differ between early- and late-heading genotypes; it ranged from 97.7 to
119 g CP/kg DM (Table 3).

Most cell wall carbohydrates (NDF, ADF, hemicellulose, and lignin) were usually
lower in the early- than in late-heading genotypes, regardless of the harvest regime applied,
as well as cellulose, which was higher in the early- than late-heading genotypes in both
harvest regimes. ANOVA indicated significant effects of genotypes on all cell wall carbohy-
drates (NDF, ADF, cellulose, hemicellulose, and lignin) under both harvest regimes, with
significant differences within earliness groups in most cases.

3.2.2. Shiller Experiment (2021)

In a repetition of the experiment at Shiller, when harvested at the heading stage,
the yield did not differ between the early- and late-heading genotypes, similar to the
Revadim experiment. The yield of the early-heading genotypes ranged between 1600 and
2000 g DM/m2, with no significant differences, whereas the late-heading genotypes ranged
from 1500 to 2500 g DM/m2, with significant differences between genotypes. Tef forage
harvested at the grain-filling stage showed a significantly higher yield in the late-heading
than early-heading genotypes (1400 vs. 2400 g DM/m2 for early vs. late, respectively), an
opposite trend to the Revadim experiment. Yields of the early-heading genotypes differed
significantly, ranging between 900 and 2200 g DM/m2, whereas the late-heading genotypes
did not differ in yield, which ranged between 2200 and 2800 g DM/m2 (Table 4).
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Table 2. Analysis of variance of the tef forage experiments showing the effect of genotype, harvest regime, and genotype X harvesting regime on total forage dry
matter yield and averages of crude protein, NDF, ADF, hemicellulose, cellulose, and lignin contents on a dry matter basis.

Location and Year Revadim, 2020

Forage Yield, g/m2 CP, % NDF, % ADF, % Hemicellulose, % Cellulose, % Lignin, %

Source DF F Value and Probability

Genotype 11 4.81 *** 7.17 *** 7.69 *** 10.35 *** 2.92 ** 16.12 *** 2.97 **
Harvest Regime 1 64.74 *** 470.43 *** 68.30 *** 24.28 *** 56.75 *** 60.45 *** 873.32 ***

Genotype × Harvest Regime 11 4.45 *** 4.70 *** 4.98 *** 3.23 *** 6.02 *** 3.89 *** 7.62 ***
Replicate 5 0.58 2.66 * 0.33 0.40 0.66 1.48 0.83

Main Effect of Harvest Regime

A-Harvest at Heading 1689.7 b ± 25.0 14.3 a ± 0.17 74.4 a ± 0.24 34.4 a ± 0.22 40.0 a ± 0.12 30.9 a ± 0.18 3.05 b ± 0.06
B-Harvest at Grain Filling 2098.6 a ± 59.1 10.8 b ± 0.12 72.0 b ± 0.30 33.1 b ± 0.27 39.0 b ± 0.14 29.3 b ± 0.23 4.86 a ± 0.05

Location and Year Shiller, 2021

Source DF F Value and Probability

Genotype 11 15.85 *** 2.73 ** 3.25 *** 1.67 1.91 * 2.03 * 1.34
Harvest Regime 1 1.93 782.58 *** 68.49 *** 79.45 *** 0.03 107.04 *** 0.12

Genotype × Harvest Regime 11 8.70 *** 2.64 ** 2.06 * 2.28 * 2.44 ** 2.14 * 2.18 *
Replicate 5 3.40 ** 4.10 ** 0.93 2.11 0.56 1.82 1.79

Main Effect of Harvest Regime

A-Harvest at Heading 1825.0 ± 49.9 12.1 a ± 0.12 70.7 b ± 0.18 33.6 b ± 0.19 37.1 ± 0.10 28.9 b ± 0.20 4.23 ± 0.10
B-Harvest at Grain Filling 1953.3 ± 83.8 7.7 b ± 0.14 74.2 a ± 0.43 37.0 a ± 0.36 37.2 ± 0.38 32.5 a ± 0.30 4.16 ± 0.10

*, **, and *** imply significant F values at p < 0.05, <0.01, and <0.001, respectively. Different superscript letters (a, b) imply significant differences between means of harvest regimes
according to a Student’s t-test at p < 0.05. The forage yield and all the quality contents are on a dry matter (DM) basis.

Table 3. Analysis of variance for the effects of earliness and genotype (nested in earliness) on tef forage yield and quality [crude protein (CP), neutral detergent fiber
(NDF), acid detergent fiber (ADF), hemicellulose, cellulose, and lignin contents] for Revadim, 2020.

Forage Yield, g DM/m2 CP, % NDF, %

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Source DF F Value and Probability

Earliness 1 1.95 33.55 *** 49.87 *** 0.51 46.56 *** 1.44
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Table 3. Cont.

Geno [Earliness] 10 2.08 * 3.14 ** 3.21 ** 4.01 *** 6.46 *** 4.40 ***
Replicate 5 0.82 0.91 1.35 1.65 0.76 0.37

Earliness Group Main Effect of Earliness

Early (E) 1662.2 ± 28 2317.1 a ± 67 15.1 a ± 0.17 10.8 ± 0.18 73.5 b ± 0.20 71.8 ± 0.45
Late (L) 1728.3 ± 46 1792.8 b ± 78 13.3 b ± 0.25 10.9 ± 0.15 75.6 a ± 0.39 72.4 ± 0.36

Earliness and Genotype Comparison Between Genotypes within Earliness Groups

[E] RTC-13 1694.1 1918.5 abcd 14.7 abcd 10.3 ab 72.0 d 73 abcd

[E] RTC-17b 1600.3 2386.5 abc 14.0 abcde 10.9 ab 74.7 bc 70.8 bcd

[E] RTC-275 1592.1 1874.3 bcd 15.2 abc 10.5 ab 73.1 cd 69.4 cd

[E] RTC-276 1661.0 2443.9 abc 16.0 a 10.5 ab 73.0 cd 69.1 d

[E] RTC-290b 1846.3 2633.9 a 15.7 ab 11.9 a 74.0 cd 71.5 abcd

[E] RTC-313b 1575.9 2414.5 abc 15.6 ab 11.6 a 73.3 cd 73.2 abc

[E] RTC-304 1665.7 2547.7 ab 14.4 abcd 9.77 b 74.4 cd 75.3 a

[L] RTC-58 1823.2 1969.2 abcd 14.4 abcd 11.5 ab 73.9 cd 73.5 ab

[L] RTC-100b 1818.7 1959.9 abcd 12.9 de 10.9 ab 77.0 ab 71.4 abcd

[L] RTC-168 1525.4 1739.2 cd 13.4 cde 10.3 ab 73.8 cd 72 abcd

[L] RTC-406 1851.7 1879.9 bcd 13.6 bcde 11.6 a 75.5 abc 71.7 abcd

[L] RTC-266 1622.4 1415.9 d 12.1 e 10.3 ab 77.8 a 73.3 abc

ADF, % Hemicellulose, % Cellulose, % Lignin, %

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Source DF F Value and Probability

Earliness 1 55.96 *** 4.08 * 1.00 1.72 35.64 *** 19.07 *** 32.66 *** 0.73
Geno [Earliness] 10 6.53 *** 3.88 *** 4.09 *** 4.82 *** 8.76 *** 8.68 *** 4.76 *** 3.40 **

Replicate 5 0.91 0.44 1.28 0.07 0.93 1.60 0.59 0.60

Earliness Group Main Effect of Earliness

Early (E) 33.5 b ± 0.21 32.7 b ± 0.36 40.0 ± 0.13 39.1 ± 0.19 30.3 b ± 0.21 28.8 b ± 0.28 2.84 b ± 0.05 4.89 ± 0.07
Late (L) 35.7 a ± 0.34 33.6 a ± 0.39 40.0 ± 0.24 38.8 ± 0.22 31.7 a ± 0.26 30.2 a ± 0.37 3.34 a ± 0.11 4.82 ± 0.08
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Table 3. Cont.

Earliness and Genotype Comparison Between Genotypes within Earliness Groups

[E] RTC-13 32.9 d 32.4 abc 39.1 b 40.6 a 29.1 ef 29.4 bcd 2.77 c 5.18 a

[E] RTC-17b 34.9 abcd 32.5 abc 39.8 ab 38.3 bc 31.3 abcd 29.4 bcd 2.73 c 4.68 ab

[E] RTC-275 32.8 d 31.3 c 40.4 ab 38.1 bc 28.5 f 27.3 d 2.80 c 4.74 ab

[E] RTC-276 32.8 d 31.1 c 40.2 ab 38.0 bc 30.1 def 27.9 cd 2.74 c 4.77 ab

[E] RTC-290b 33.2 cd 32.1 bc 40.8 a 39.4 abc 30.7 bcde 27.7 cd 2.88 bc 4.86 ab

[E] RTC-313b 32.9 d 33.4 abc 40.3 ab 39.9 ab 30.1 def 28.8 bcd 3.27 abc 4.72 ab

[E] RTC-304 35.3 abc 36.0 a 39.1 b 39.3 abc 32.2 abc 31.1 ab 2.69 c 5.31 a

[L] RTC-58 33.7 bcd 34.4 abc 40.3 ab 39.1 abc 31.2 abcd 29.0 bcd 3.50 ab 4.73 ab

[L] RTC-100b 36.9 a 32.0 bc 40.1 ab 39.4 abc 31.5 abcd 29.8 bcd 3.62 a 4.80 ab

[L] RTC-168 34.7 abcd 32.6 abc 39.9 ab 39.4 abc 30.4 cdef 30.0 bc 2.64 c 4.87 ab

[L] RTC-406 35.9 ab 33.5 abc 39.5 ab 38.2 bc 32.4 ab 28.4 cd 3.79 a 4.38 b

[L] RTC-266 37.1 a 35.5 ab 40.7 a 37.9 c 32.8 a 33.5 a 3.15 abc 5.29 a

*, **, and *** imply significant F values at p < 0.05, <0.01, and <0.001, respectively. Different superscript letters (a–f) imply significant differences between means of harvest regimes
according to the Student’s t-test or between genotypes within an earliness group according to the Tukey HSD test (p < 0.05). The forage yield and all the quality contents are on a dry
matter (DM) basis.

Table 4. Analysis of variance for the effects of earliness and genotype (nested in earliness) on tef forage yield and quality [crude protein (CP), neutral detergent fiber
(NDF), acid detergent fiber (ADF), hemicellulose, cellulose, and lignin contents] for Shiller, 2021.

Forage Yield, g DM/m2 CP, % NDF, %

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Source DF F Value and Probability

Earliness 1 3.40 116.92 *** 1.11 0.92 20.09 *** 3.35
Geno [Earliness] 10 8.06 *** 5.13 *** 2.90 ** 2.02 * 5.66 *** 1.98

Replicate 5 6.65 *** 0.95 2.72 * 0.97 4.69 ** 1.21

Earliness Group Main Effect of Earliness

Early (E) 1765.9 ± 59.0 1493.4 b ± 102.4 12.2 ± 0.15 7.8 ± 0.16 71.1 a ± 0.28 73.6 ± 0.56
Late (L) 1884.0 ± 80.2 2411.3 a ± 77.4 12.0 ± 0.19 7.6 ± 0.23 70.3 b ± 0.22 74.8 ± 0.63
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Table 4. Cont.

Earliness and Genotype Comparison Between Genotypes within Earliness Groups

[E] RTC-13 1654.8 bc 1347.5 cd 11.8 7.28 ab 71.8 a 73.5 ab

[E] RTC-17b 1887.5 abc 1739.7 bc 11.7 9.13 a 71.3 ab 73.2 ab

[E] RTC-275 1674.1 bc 1034.4 cd 13.0 8.10 ab 71.8 a 73.6 ab

[E] RTC-276 1684.7 bc 2182.3 ab 12.8 7.77 ab 70.2 abc 70.9 b

[E] RTC-290b 2041.6 abc 1152.1 cd 12.0 7.36 ab 71.9 a 74.2 ab

[E] RTC-313b 1652.8 bc 878.4 d 12.1 7.32 ab 71.0 abc 76.0 ab

[L] RTC-304 2228.3 ab 2373.6 ab 11.6 8.34 ab 71.7 a 78.1 a

[L] RTC-58 2510.4 a 2786.3 a 11.6 7.46 ab 69.8 bc 75.1 ab

[L] RTC-100b 1909.1 abc 2447.6 ab 11.7 6.71 b 70.8 abc 74.4 ab

[L] RTC-168 1516.3 c 2231.6 ab 11.5 7.75 ab 69.2 c 74.0 ab

[L] RTC-406 1668.1 bc 2434.9 ab 12.8 7.87 ab 69.7 bc 71.6 b

[L] RTC-55 1472.1 c 2193.6 ab 12.9 7.41 ab 71.1 abc 75.8 ab

ADF, % Hemicellulose, % Cellulose, % Lignin, %

Harvest at
Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Harvest
at Heading

Harvest at
Grain filling

Source DF F Value and Probability

Earliness 1 16.63 *** 0.60 0.38 1.66 18.77 *** 1.33 2.82 0.49
Geno [Earliness] 10 9.15 *** 1.30 7.56 *** 1.99 5.48 *** 0.89 1.61 1.93

Replicate 5 3.40 ** 2.44 0.76 0.74 1.20 2.62 1.00 2.20

Earliness Group Main Effect of Earliness

Early (E) 34.0 a ± 0.26 36.8 ± 0.51 37.1 ± 0.11 36.8 ± 0.47 29.4 a ± 0.26 32.2 ± 0.42 4.07 ± 0.14 4.22 ± 0.13
Late (L) 33.3 b ± 0.27 37.1 ± 0.52 37.0 ± 0.18 37.6 ± 0.58 28.3 b ± 0.30 32.7 ± 0.43 4.38 ± 0.13 4.09 ± 0.15

Earliness and Genotype Comparison Between Genotypes within Earliness Groups

[E] RTC-13 34.5 abc 35.0 37.3 abc 38.5 ab 30.4 ab 31.4 3.71 3.47
[E] RTC-17b 34.2 abcd 36.4 37.0 abcd 36.8 ab 30.0 abc 31.7 3.88 4.51
[E] RTC-275 34.8 ab 36.0 37.0 bcd 37.7 ab 29.7 abc 31.5 4.86 4.17
[E] RTC-276 33.5 bcde 36.8 36.7 bcd 34.1 b 28.3 bcd 32.2 4.03 4.32

[E] RTC-290b 34.5 abc 38.5 37.4 abc 35.7 ab 29.7 abc 33.5 4.35 4.37
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Table 4. Cont.

[E] RTC-313b 33.8 bcd 38.3 37.2 abcd 37.7 ab 29.8 abc 33.3 3.61 4.55
[L] RTC-304 35.8 a 37.8 36.0 d 40.3 a 30.7 a 33.9 4.66 3.68
[L] RTC-58 31.8 e 39.2 38.0 ab 35.9 ab 26.6 d 34.0 4.33 4.60

[L] RTC-100b 32.5 de 36.0 38.3 a 38.4 ab 27.8 cd 32.1 4.02 3.98
[L] RTC-168 33.0 cde 36.0 36.3 cd 38.0 ab 28.1 cd 31.8 4.29 3.82
[L] RTC-406 33.5 bcde 36.0 36.2 cd 35.5 ab 28.2 bcd 31.6 4.86 3.67
[L] RTC-55 33.9 bcd 38.2 37.2 abcd 37.6 ab 29.4 abc 33.2 4.13 4.72

*, **, and *** imply significant F values at p < 0.05, <0.01, and <0.001, respectively. Different superscript letters (a–e) imply significant differences between means of harvest regimes
according to the Student’s t-test or between genotypes within an earliness group according to the Tukey HSD test (p < 0.05). The forage yield and all the quality contents are on a dry
matter (DM) basis.
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The CP content of tef forage under either harvest regime was not affected significantly by
genotype or earliness. The CP content ranged from 115 to 130 g CP/kg DM when harvested at
heading and 67.1 to 91.3 g CP/kg DM when harvested at the grain-filling stage (Table 4).

Three of the cell wall carbohydrates, NDF, ADF, and cellulose, were higher in the
earl- than late-heading genotypes at the heading stage. Hemicellulose and lignin were not
affected by earliness, and lignin remained constant with the harvest regime. The ANOVA
of ADF, hemicellulose, and cellulose showed significant differences within late-maturing
genotypes at the heading stage. The NDF differed within late-maturing genotypes at both
heading and grain-filling stages (Table 4).

3.3. The Effect of Harvest Regimes and Earliness on Tef Forage In Vitro Digestibility

The IVDMD was greater by 22.2% when tef was harvested at the heading stage than the
grain-filling stage (75.3 vs. 53.1%, respectively) (Table 5). A similar trend was noted for IVND-
NFD, with 23.8% greater at the heading than grain-filling stage (70.7 vs. 46.9%, respectively).

Table 5. Analysis of variance of the tef forage showing the effects of genotype, harvest regime, and
genotype X harvesting regime on IVDMD and IVNDFD for Shiller.

Source DF IVDMD, % IVNDNFD, %

Genotype 11 2.81 ** 2.78 **
Harvest Regime 1 1564.87 *** 982.37 ***

Genotype × Harvest Regime 11 3.24 ** 3.07 **
Replicate 2 1.31 2.51

Main Effect of Harvest Regime

A-Harvest at Heading 75.3 a ± 0.36 70.6 a ± 0.51
B-Harvest at Grain Filling 53.1 b ± 0.62 46.9 b ± 0.84

Different superscript letters on means in columns imply statistically significant differences between harvest
regimes. **, and *** imply p < 0.01, and <0.001 statistical difference. Note: A-Harvest at heading = average of A1,
A2, and A3. The forage yield and all the quality contents are on a dry matter (DM) basis.

The IVDMD of tef forage did not differ between early- and late-heading genotypes
harvested at the heading stage, with an average of 75% (Table 6). However, when harvested
at the grain-filling stage, the IVDMD of tef forage was higher in the late- than early-heading
genotypes by 2% digestibility units (52 vs. 54%, respectively). A comparison between all
genotypes at the heading and grain-filling stages showed significant differences at the grain-
filling stage within the late-maturing genotypes. The IVDMD ranged from 72 to 79% at
heading and 45–56% at the grain-filling stage. The IVNDFD showed a similar trend, with
significant differences at the grain-filling stage within the late-maturing genotypes, with
a comparison of all genotypes averaging 71%. At the grain-filling stage, the late-heading
genotypes were 2% digestibility units more than the early-heading genotypes (46 vs. 48%,
respectively). A comparison of the IVNDFDs of all genotypes showed differences only within
the late-maturing genotypes at the heading stage, ranging from 66 to 75% at heading and
39–53% at the grain-filling stage.

Table 6. Analysis of variance of the tef forage experiments showing the effects of earliness and
genotype (nested in earliness) on the IVDMD and IVNDFD for Shiller.

IVDMD, % IVNDFD, %

Harv. A Harv. B Harv. A Harv. B

Source DF F Value and Probability

Earliness 1 0.35 6.63 * 1.09 4.96 *
Geno [Earliness] 10 4.43 ** 2.67 * 5.37 *** 2.67 *
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Table 6. Cont.

Replicate 2 1.05 2.44 1.44 4.02 *

Earliness and Genotype Comparison Between Genotypes within Earliness Groups

[E] RTC-13 76.7 ab 53.6 ab 73.2 ab 46.8 ab

[E] RTC-17b 76.8 ab 54.0 ab 72.6 ab 46.7 ab

[E] RTC-275 72.6 b 54.0 ab 67.5 bc 48.1 ab

[E] RTC-276 74.7 ab 52.0 ab 69.6 abc 43.0 ab

[E] RTC-290b 75.7 ab 45.3 b 71.3 abc 39.1 b

[E] RTC-313b 76.4 ab 52.6 ab 72.0 abc 49.6 ab

[L] RTC-304 74.9 ab 55.9 a 70.2 abc 53.3 a

[L] RTC-58 72.4 b 52.5 ab 66.4 c 44.7 ab

[L] RTC-100b 74.0 b 56.1 a 68.3 bc 48.2 ab

[L] RTC-168 75.2 ab 55.6 a 70.3 abc 51.3 ab

[L] RTC-406 78.9 a 53.8 ab 75.3 a 45.8 ab

[L] RTC-55 75.5 ab 52.0 ab 71.7 abc 46.8 ab

Different superscript letters on means in columns imply statistically significant differences between harvest
regimes and genotypes within earliness groups; *, **, and *** imply <0.05, <0.01, and <0.001 statistical difference.
Harvest A = average of A1, A2, and A3. The forage yield and all the quality contents are on a dry matter (DM)
basis. [E] = early-heading genotypes and [L] = late-heading genotypes.

4. Discussion
4.1. The Effects of Harvest Regime on Tef Forage Yield and Quality

The tef forage yield that was harvested in 2020 at the grain-filling stage was con-
siderably higher relative to the yield harvested at the heading stage (Table 2). A similar
trend, though small and not significant, was observed in the 2021 experiment (Table 2).
Similar inconsistencies across years were reported by Ruggeri [34], which may arise from
the variation between the different growing seasons (years). In addition to seasons, loca-
tions as well as harvesting frequency may also have caused the observed variations. The
higher biomass yield when tef was harvested at the grain-filling stage than the heading
stage is attributed to longer exposure of a fully developed crop canopy to solar radiation,
maximizing photosynthesis and biomass productivity [35–37]. Whereas harvests at the
heading stage may cause setbacks in growth and shorten the duration at which a fully
developed canopy is exposed to sunlight.

All the quality variables have shown no more than a 4% difference between harvest
regimes, indicating that tef is capable of maintaining high forage quality during the grow-
ing season. The CP (8–15%) and ADF (33–37%) contents were similar to other forage
grasses, such as timothy grass (CP: 8–14% and ADF: 32–36%) [11] and previous tef studies
(CP: 9–14% and ADF: 32–38%), as reported by Miller [11]. However, our NDF results were
greater than 70%, whereas lower values (62–67%) were reported by Ruggeri [34] and other
values (53–65%) for timothy grass and tef, respectively [11]. This variation in NDF results
could be attributed to differences in the environmental conditions, crop management, and
tef varieties.

Crude protein is one of the most expensive ingredients in rations [38–40]; hence, high
CP in forage is most desirable. Our CP values were similar to a recent study by Ruggeri [34]
that reported a CP content ranging from 14 to 16% depending on the harvesting time. A
comparison between tef and other common forages, such as corn, wheat, and sorghum [41],
showed that tef had higher CP (maximum 12% for common forages vs. up to 15% for tef,
depending on the stage of harvest).

A higher CP content, when tef is harvested at the heading stage, can support the
nutritional requirements of ruminants better than other existing forage grass species,
which often require supplementation due to their relatively low CP content. Hence,
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tef could be a more efficient feed, as expenditure on protein supplementation may be
reduced. The CP of tef reduced with an increase in maturity, similar to recent findings
in four teff cultivars, Tiffany, Moxie, Corvallis, and Dessie [42]. It is worth noting that,
similar to other pasture forages such as giant king grass, napier grass, alfalfa, and
Desmanthus spp., the CP content in tef decreased with an increase in maturity (from
harvest at heading to the grain-filling stage) [43–46]. This decrease in CP content could be
attributed to the decrease in nitrogen concentration in the plant as the forage matures [43].
While the CP decreased with maturity, the biomass increased with maturity. This calls
for harvesting the forage at the correct stage depending on the objectives for growing
the crop. If one needs more CP, tef would be harvested at the heading stage with a fair
amount of biomass. If one needs more biomass, it would then be better to harvest tef at
the grain-filling stage, though with a slightly reduced CP content. This would ultimately
permit weighing in on the opportunity costs.

Lignin content is a major limitation in forage digestibility [47–49]. Tef lignin content
was threefold smaller (4%), with no or minor differences between harvest regimes, relative
to the main forages, such as corn (12%) [50–52] and wheat (11%) [53,54], both showing
higher values in the milk-to-dough stage. The lower lignin content would imply more
digestibility of tef forage, desirable in the rations, as found in our previous study [27]. This
consistently low lignin content from heading to grain filling in tef forage would imply that it
can easily be used to complement or even replace some of the existing forages in the ration
without drastically hampering the quality. However, this would require a cost–benefit
analysis of replacing other forages in the diets. During a ~4-month season across the two
years of this study, tef was harvested between two and four times at the heading stage
or up to twice at the grain-filling stage, thus confirming its potential as a multi-harvest
summer crop. Hence, our results concur with the most recent findings [34], as well as
earlier findings [11–13,21]. Tef, being a multi-harvest crop with a short growing season,
would imply savings (e.g., irrigation) associated with the existing summer forage crops,
such as corn, that grow for a longer period and are harvested once during the growing
season [55]. However, this would call for a thorough cost–benefit analysis of growing tef
vs. corn, the most common forage crop in Israel.

In Revadim (Table 3), the early-heading genotypes accumulated more biomass when
harvested at the grain-filling stage, and yet the CP yield was greater at the heading stage.
The fast accumulation of biomass could be attributed to the general phenomenon that early-
heading genotypes grow fast and utilize resources more efficiently relative to late-heading
genotypes, as reported for different maturity groups of mungbeans [56]. This growth is
supported by different components, mainly proteins [57,58], which was reflected as high
CP content when tef was harvested at the heading stage.

The higher cell wall carbohydrates in the late genotypes, NDF at the grain-filling stage,
and ADF and cellulose at both the heading and grain-filling stages, are due to the fact that
the cell wall carbohydrates accumulate over time and increase with maturity in grasses
and legumes, as reported by Buxton and Russell [47]. Similar results were also reported for
giant king grass [43] and corn [59]. Harvesting early genotypes after a shorter time period
rather than late-heading genotypes would be the most probable cause of lower cell wall
carbohydrates in the early- rather than late-heading genotypes. This could be attributed
to the general phenomenon that late-heading genotypes tend to partition more energy
towards vegetative growth, yielding more biomass, whereas early-heading genotypes
partition more energy towards grain yield, often to escape harsh environmental conditions
such as drought [60].
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For the repeat experiment in Shiller (Table 4), the more biomass seen in late-heading
genotypes when harvested at the grain-filling stage could be a result of longer expo-
sure to solar radiation, leading to the assimilation of more carbon [35–37]. However,
it was noted that during this repeat experiment, early-heading genotypes had more
cell wall carbohydrate contents (NDF, ADF, and cellulose) at the heading stage. This
phenomenon could be a result of rapid plant growth and escape from harsh growing
conditions, as reported by Lamalakshmi [60]. Differences in cell wall carbohydrates be-
tween the two years can be attributed to differences in growth environments, with the
2020 climatic conditions (slightly lower max. temperatures, clay soil, and irrigation with
nutrient-rich wastewater) favoring the slow and greater accumulation of cell wall carbo-
hydrates over time in late-heading genotypes, a phenomenon similar to that in maize by
Morrison [61]. In contrast, the 2021 climate (slightly elevated max. temperatures) likely
stimulated early-heading genotypes to grow rapidly and escape the harsh climate, leading
to the synthesis of cell wall carbohydrates to support rapidly growing tef plants, as reported
by Hamann, Le Gall, and Liepman [62–64].

4.2. The Effects of Earliness and Genotype on Tef Forage IVDMD and IVNDNFD

On a very positive note, here, we reported a higher IVDMD (75.4%) (Table 5) than
those reported in previous studies in tef (54%), as reported by Twidwell [14]. The difference
between our findings and the earlier findings of Twidwell [14] could be attributed to
the environment, and more specifically, to the genotype, which is incredibly diverse, as
reported by Ketema and Chanyalew [7,65]. Our in vitro digestibility results were also
higher than those reported in other common forages, such as German millet, Siberian millet,
and Sudangrass harvested at a similar phenological stage [14], as well as grass pasture and
grass hay [66], and cereal grain hays, grass and legume forages [67,68].

In vitro digestibility of tef decreased with maturity, consistent with findings in teff hay
by Boe and Staniar [13,21], and in common forages reported by Bruinenberg, Wilman, and
Oba [69–71]. However, the observed increase in NDF, ADF, cellulose, and lignin, typically
linked to reduced digestibility with plant maturity [72–74], could not explain our current
findings due to the lignin content barely increasing as maturity increased, similar to earlier
findings by Staniar [21], and only small changes in NDF, ADF, and cellulose (max. 3%).

The lignin content we found was also lower than that reported in common pastures
such as Variegated brome, intermediate wheat grass, and Orchardgrass, as reported by
Gürsoy [75], as well as wheat [76–78] and alfalfa [79].

However, the most plausible reason for the decrease in digestibility with maturity
could be the fact that in tef, lignin can be deposited as early as six weeks of maturity and
there are more cross-linkages in mature tissues, as reported by Diehn [80]. Additionally,
the presence of seeds that are not easily digested could be overcome by threshing the tef
forage when harvested at the grain-filling stage, which might separate the seeds, which
would then be crushed or ground to increase surface area for microbial activity.

The late genotypes in our study, which had more in vitro digestibility than the early-
heading genotypes, could be attributed to slightly lower cell wall carbohydrates in the late-
rather than early-heading stage, as demonstrated in [75], where an increase in cell wall
carbohydrates, such as NDF, ADF, and lignin, decreases digestibility.

4.3. Limitations of the Study

One of the limitations of this study was seed deficiency; for instance, genotype RTC-
266 in the first year of the study was replaced with RTC-55 in the second year of the study
to maintain the twelve study genotypes. The other challenge was a slight difference in
the growing seasons, location, and differences in the frequencies of harvest cycles within
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harvest regimes beyond our control; hence, the genotypes were categorized as early when
they fully bloomed 48–52 days after sowing, whereas in the second year of the study, the
genotypes were categorized as early 55–59 days after sowing.

5. Conclusions
A subset of 12 out of 300 tef genotypes was selected for the current study based on

preliminary observations. This study aimed to identify favorable phenology (earliness)
and not specific, outstanding genotypes. Nevertheless, two best-performing genotypes,
RTC-290b and RTC-58, which exhibited the highest yield and CP content during the two
experimental seasons, were identified among the limited set of tested genotypes. Tef is
indeed a multi-harvest summer crop under Mediterranean conditions. To maximize crude
protein, IVDMD and IVNDFD, tef requires harvesting at the heading stage, and to maximize
tef forage yield, it requires harvesting at the grain-filling stage under Mediterranean
conditions. Though somewhat inconsistent, early- and late-heading tef genotypes did
not differ in quality and maintained fairly high-quality (cell wall carbohydrates) and low
lignin content relative to existing forages, making it a desirable livestock forage. Hence,
tef can be used as an alternative or complement to the existing forages for Israeli dairy
cows during summer. However, this may require a cost–benefit analysis relative to the
existing forages.
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