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Milk yield and composition of
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under Mediterranean
summer conditions
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Carlo Boselli 2, Francesco Napoli2, Raffaello Spina1,
Umberto Bernabucci1, Bruno Ronchi1 and Pier Paolo Danieli 1

1Department of Agriculture and Forest Sciences, University of Tuscia, Viterbo, Italy, 2National
Reference Centre for Ovine and Caprine Milk and Dairy Products Quality (C.Re.L.D.O.C.), Istituto
Zooprofilattico Sperimentale Lazio e Toscana “Mariano Aleandri”, Roma, Italy
Summer forage scarcity is a major constraint for Mediterranean dairy sheep

farming, where high temperatures and drought reduce pasture yield and quality,

leading to strong milk seasonality. Teff (Eragrostis tef (Zucc.) Trotter), a C4 annual

grass native to Ethiopia, is drought- and heat-tolerant and may represent an

alternative to traditional summer forages such as sorghum-sudangrass (Sorghum

bicolor (L.) Moench subsp. sudanense). This study evaluated the effects of grazing

teff on milk yield and composition in lactating Sarda ewes compared with

sorghum-sudangrass under Mediterranean summer conditions. Thirty-two

primiparous ewes in late lactation (150 ± 10 DIM) were assigned to two

balanced groups (n = 16) and grazed 4 h/day for six weeks (two adaptation,

four experimental) on either teff (GT) or sorghum-sudangrass (GS) pastures,

supplemented with ad libitum hay and 0.5 kg/day concentrate. Pasture and milk

were sampled weekly for chemical and quality analyses. Teff showed higher dry

matter (30.8 vs 22.4%), crude protein (14.8 vs 10.6% DM), and ether extract (2.5 vs

1.9% DM), and lower acid detergent fiber (33.1 vs 37.4% DM) and lignin (4.1 vs 5.6%

DM) compared with sorghum-sudangrass (P < 0.01). Ewes grazing teff produced

slightly less milk (0.86 ± 0.09 vs 0.93 ± 0.11 kg/day; P < 0.05), with lower fat (6.19

vs 6.68%; P < 0.001) but higher lactose content (5.37 vs 5.28%; P < 0.05). Protein

(5.60 vs 5.59%), somatic cell count (<200 × 10³ cells/mL), and coagulation traits

were unaffected. Overall, both forages adequately supported lactating ewes

during the summer. Teff appears promising for water-limited areas due to its

heat and drought tolerance and stable nutritional profile, though its slightly lower

voluntary intake may limit milk yield. Further studies addressing palatability and

intake behavior are warranted.
KEYWORDS

grazing management, animal production, annual grass species, milk yield, milk
composition, summer grazing, out-of-season production
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1 Introduction

Forage scarcity is a major limitation for extensive and semi-

extensive livestock systems in regions characterized by hot and dry

summer, where high temperatures and water shortage reduce

biomass yield and quality, creating seasonal feed gaps for grazing

animals (Cooke et al., 2025; Gherbin et al., 2007). In some regions of

the world, this structural constraint is expected to be further

aggravated by climate change, which may intensify summer heat

waves and drought (Sitzia and Ruiz, 2011; Habte et al., 2019).

In Mediterranean-type environments, the impact of this

seasonality is particularly pronounced where fresh forage is

abundant in spring but very scarce in summer and early autumn.

This mismatch contributes to the strong seasonality of milk supply

from grazing-based livestock systems, with little or no production in

the driest months despite the peak in consumer demand for fresh

dairy products (Landau et al., 2005; Todaro et al., 2015). Reducing

this gap is crucial to support “out-of-season” milk production and

improve the profitability of Mediterranean grazing-based dairy

supply chains (Sitzia et al., 2015).

In the case of dairy sheep, several strategies have been explored

to mitigate summer forage shortages including grazing on alfalfa

(Medicago sativa), irrigated forage crops, the use of crop residues,

the use of hay or silage, accelerated lambing schemes, freezing

spring milk or curd for later processing (Sitzia et al., 2015), and

shifting from local breeds to specialized dairy breeds (e.g., Lacaune)

within a more intensive stall-fed systems (Sodi et al., 2024).

However, these options are often limited by high investments and

costs, reduced Protected Designation of Origin (PDO) cheese

quality, or increased management complexity.

To address this issue, the exploitation of warm-season forage

species able to maintain productivity under heat and drought stress

has been proposed as a promising management strategy to improve

limited summer fodder availability (Habte et al., 2019; Billman

et al., 2022).

Teff (Eragrostis tef (Zuccagni) Trotter), a warm-season, C4

annual grass native to Ethiopia (D’Andrea, 2008; Miller, 2011), is

emerging as a promising option. Teff is known for its high tolerance

to drought and heat during summer (Norberg et al., 2009), making

it particularly suited to Mediterranean agro-ecosystems.

Furthermore, it has been demonstrated to be a fast-growing crop,

capable of producing high forage yields with excellent nutritive

quality. Comprehensive data on fresh teff are currently lacking,

except for those reported by Ruggeri et al. (2024), who characterised

the nutritional composition of several genetic lines harvested at

different phenological stages. Reported values include: dry matter

(DM) 21–34%, organic matter (OM) 88–92% DM, crude protein

(CP) 14–16% DM, neutral detergent fibre (aNDFom) 62–67% DM,

non-fibrous carbohydrates (NFC) <5–13.9% DM, and gross energy

(GE) approximately 4.35 Mcal/kg DM. Teff hay exhibits a

favourable nutritive value for ruminants, with a DM content of

91.7 ± 1.2% and an average CP concentration of 14.6 ± 3.3% DM.

Fibre fractions are moderate (NDF 56.6 ± 4.2%, ADF 36.0 ± 1.9%),

resulting in moderate digestibility (organic matter digestibility

61.8%, dry matter digestibility 58.5 ± 5.1%) and a metabolizable
Frontiers in Animal Science 02
energy content of approximately 8.6 MJ kg⁻¹ DM. The ash content

averages 9.4 ± 2.1% DM, and ether extract (EE) 2.3 ± 0.8% DM.

Mineral concentrations are well balanced, with calcium 4.7 ± 0.5 g/

kg DM, phosphorus 2.6 ± 0.6 g/kg DM, and potassium 18.7 ± 3.1 g/

kg DM, values consistent with those typically found in warm-season

C4 grasses (Heuzé et al., 2017). Teff can be harvested in less than 45

days after sowing, offering flexibility and rapid turnover for forage

production (Miller, 2010). Its agronomic and nutritional

characteristics make it a valuable candidate for inclusion into

Mediterranean forage systems, particularly as a double cropping

option after wheat or barley, helping to bridge the summer forage

gap and support resilient, productive sheep farming (Habte et al.,

2019; Ruggeri et al., 2024). Although teff hay and straw have been

widely tested as alternative feeds for dairy cows (Saylor et al., 2018),

beef cattle (Vinyard et al., 2018), horses (Staniar et al., 2010), and

sheep (Bonsi et al., 1995), its potential and palatability as grazing

fodder in dairy ewe farming remains substantially unexplored.

Sorghum-sudangrass (Sorghum bicolor (L.) Moench subsp.

sudanense) (Zhan et al., 2008) is one of the most widely

cultivated summer forages in the Mediterranean and other water-

limited regions. It is well recognised for its high productivity under

heat and drought stress, as well as for its strong regrowth capacity

after cutting or grazing. Its narrower leaves and profuse tillering

make it particularly suitable for multiple-cut systems, supporting

the production of hay, haylage, green chop, and forage for grazing

systems (Buxton and O’Kiely, 2003). Several studies have reported

improved water-use efficiency of sudangrass under drought

conditions (Sarkar and Northup, 2023; Kaplan et al., 2019) and

high biomass yields, particularly in some sorghum × sudangrass

hybrids (Bleier et al., 2020). Fresh plants shows moderate nutritive

value for ruminants, with an average DM content of 20.8 ± 3.3%

and CP of 11.0 ± 3.6% DM. Fibre fractions are relatively high (NDF

66.4 ± 7.3%, ADF 36.4 ± 3.6%, CF 30.9 ± 2.2%), leading to moderate

digestibility (organic matter digestibility 66.5 ± 5.6%) and a

metabolisable energy value of 9.3 MJ/kg DM. Mineral levels are

typical of tropical grasses, with calcium 4.6 ± 0.7 g/kg DM and

phosphorus 1.5 ± 0.7 g/kg DM (Heuzé and Tran, 2015). As in other

sorghum species, sudangrass may accumulate dhurrin—a

cyanogenic compound releasing prussic acid—especially under

drought stress or excessive fertilisation (Shehab et al., 2020;

Holman et al., 2019). Dhurrin levels are highest in young or

regrowing plants (Busk and Moller, 2002) and decrease with

maturity, so grazing should be delayed until plants reach 40–100

cm in height, as some varieties contain naturally lower

concentrations (Hill and Roberts, 2020). Although this crop has

been widely adopted by farmers and investigated in dairy cows

(Pupo et al., 2022), beef cattle (Arnett et al., 2012), its direct effects

on milk yield and composition of dairy sheep under grazing

conditions have not yet been evaluated, highlighting a significant

gap in the literature.

This study was conducted to evaluate the potential of teff and

sorghum-sudangrass pastures as summer forage resources for dairy

ewes in Mediterranean environments, with particular focus on their

ability to sustain milk yield and composition during periods of

seasonal shortage and to support out-of-season milk production. In
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particular, teff was expected to offer an additional advantage over

sorghum-sudangrass, as it combines good forage quality with the

absence of dhurrin-related toxicity risk, thereby supporting safer

and more sustainable out-of-season milk production.
2 Materials and methods

2.1 Ethical approval

The research and the animal care protocols were in accordance

with the Directive 2010/63/EU of the European Parliament and of

the Council of 22 September 2010 on the protection of animals used

for scientific purposes (European Union (EU), 2010).
2.2 Animals and experimental design

The study lasted a total of 6 weeks (June 18th – July 30th, 2024),

including an adaptation period of two-weeks (June 18th – July 1st)

followed by a four-weeks experimental phase (July 2nd – 30th). The

trial was conducted in a commercial farm in Viterbo, Central Italy

(42° 31 ‘05.5”N, 12° 03’ 48.0”E) on 32 healthy, primiparous Sarda

dairy ewes that, at the beginning of the adaptation period, were at

the late stage of lactation (150 ± 10 days in milk, DIM). Primiparous

Sarda ewes were chosen as they are typically the last to lamb in

traditional systems without reproductive seasonality control. As a

result, they remain in milk during the summer period, coinciding

with the growth period of teff and sorghum-sudangrass pastures.

The ewes were randomly assigned to two groups of 16 heads each,

balanced for individual milk yield (0.93 ± 0.21 kg/day) and body

condition score (BCS; 2.7 ± 0.1).

The groups, named GS and GT, were managed under the same

housing and milking conditions, but grazed on different pasture

types: GS grazed on sorghum-sudangrass (var. Piper; Pacific Seed

Company, California, USA) pasture, while GT grazed on teff

(Moxie: 37% cv. Tiffany, 63% cv. CW0604; Barenbrug, The

Netherlands). Both grasses were grown on-farm without

fertilisation or irrigation. Animals were allowed to graze for a

total of 4 h per day (09:00-11:00 and 16:00-18:00), scheduled to

avoid the hottest hours of the day and to mitigate potential heat

stress, with a stocking rate of 2.4 livestock unit (LU) per hectare. At

the barn, all ewes received the same basal diet of on-farm produced

clover-ryegrass hay (CP: 94 g/kg DM; EE: 9 g/kg DM; ash: 41 g/kg

DM; CF: 391 g/kg DM; aNDFom: 574 g/kg DM; ADF: 564 g/kg DM;

acid detergent lignin, ADL: 94 g/kg DM), which was offered ad

libitum. In addition, each ewe was individually supplied with 0.5 kg/

day of commercial pelleted feed (CP: 175 g/kg DM; EE: 50 g/kg DM;

ash: 75 g/kg DM; CF: 45 g/kg DM; sodium, Na: 3 g/kg DM) during

the two daily milking sessions (06:30 and 18:30). The list of

ingredients included in the pelleted feed is provided in the

Supplementary Materials (Supplementary Table S1). Tap water

was always available.

During the experimental phase, at five weekly sampling points

(namely T0, T1, T2, T3, T4), sudangrass and teff samples were
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collected following a plot-based approach described by Primi et al.

(2016), using 1 × 5 m plots where herbaceous biomass was

harvested. Fresh biomass was cut at 2 cm above the ground using

a double-bladed shear (Benelli et al., 2025). Samples were placed in

sealed plastic bags and transported to the laboratory, in a cool box,

for proximate analysis.

The BCS was assessed at the T0, T2, and T4, following the

method described by Russel et al. (1969). At every time points,

individual milk yield (MY, kg/day) was recorded using a sheep and

goats Waikato 4.5 L milk meter (Waikato Milking Systems,

Hamilton, New Zealand) (accuracy: ± 30 mL/L), and individual

samples (50 mL without preservative) were collected during the

morning milking for milk composition analysis. At T4, the ewes

were milked only once per day, in the morning, as they were

entering the dry-off phase.
2.3 Weather conditions

The study area has a Mediterranean climate, characterized by

hot, dry summers and cool, rainy winters. The mean annual air

temperature is about 14.5°C, while the mean annual precipitation is

755 mm (Ruggeri et al., 2024). Weather data for 2024 (Figure 1)

were obtained from the meteorological station of the University of

Tuscia (42°25′31.88″ N, 12°4′43.30″ E; Viterbo, Italy), located

approximately 10 km from the farm and representing the nearest

station with accessible records.
2.4 Feed analysis and dry matter intake
estimation

The DM content of pasture samples was determined by oven-

drying at 65°C to a constant weight. Dried samples were then

ground to pass through a 1 mm screen and analysed for aNDFom,

ADF, ADL (using the filter bag equipment; Ankom Technology

Corp., Fairport, NY; Van Soest et al., 1991), CF (AOAC

International, 2012; method 962.09), CP (AOAC International,

2000; method 988.05), ash (AOAC International, 2000; method

942.05), and EE (AOAC International, 2005; method 920.39). The

non-fibrous carbohydrates (NFC) were calculated as described by

the National Research Council (2001) (Equation 1).

NFC = 1000 − (CP + EE + aNDFom + Ash) (1)

Pasture dry matter intake (DMI) was not directly measured in

this study. However, in order to obtain a rough estimate consistent

with published approaches (Bosco et al., 2021), indicative values of

DMI were estimated using the Nutritional Dynamic System

Professional software (NDS Pro; R.U.M.&N., Reggio Emilia,

Italy), which implements the Cornell Net Carbohydrate and

Protein System (CNCPS v6.5/v6.55; Cornell University, New

York, USA). The model was parameterised using animal

requirements and basic pasture characteristics derived from

laboratory analyses and field observations. Estimates were

obtained for both the pasture component and the basal diet, and
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the total DMI under the experimental feeding regime is hereafter

referred to as DMI_BD. These values were used only as supportive

information to contextualize animal performance and compare

forage types and should be interpreted as indicative rather than

measured data. For this purpose, the “pasture” tool of NDS Pro was

parameterised with data on pasture height, standing biomass, and

grazing duration obtained from field observations and plate meter

measurements, to provide an indicative estimate of total grass

intake under the actual experimental conditions.
2.5 Milk analysis

Milk composition and coagulation analyses were carried out by

the National Reference Centre for Ovine and Caprine Milk and

Dairy Products Quality (C.Re.L.D.O.C.) at the Istituto

Zooprofilattico Sperimentale Lazio e Toscana “M. Aleandri”

(Rome, Italy). This laboratory is accredited by ACCREDIA, the

Italian Accreditation Body (Laboratory No. 0201A), and operates in

compliance with the ISO/IEC 17025:2017 standards of the

International Organization for Standardization. Individual milk

samples were analysed for fat (FAT, %), protein (PROT, %),
Frontiers in Animal Science 04
lactose (LAC, %), solids-not-fat (SNF, %), frozen point (FP, °C),

urea (MU, mg/dL), total casein (CAS, %), citric acid (CA, %), milk

conductivity (COND, mS), using a MilkoscanTM 7 device (Foss

Analytical A/S, Hillerød, Denmark) calibrated with appropriate

milk sheep standards, and somatic cell count (SCC; n/mL) using

a Fossomatic™ FC device (Foss Analytical A/S, Hillerød,

Denmark). Titratable acidity (TA) was recorded as Soxhlet-

Henkel degree (SH°) while pH was measured with a

potentiometric method using a pH meter (mod. HQ411D -

HACH Company).

RCT (rennet coagulation time; min), k20 (curd firming time;

min) and a30 (curd firmness; mm) were measured using a

Formagraph LDG 2.0 (Ma.Pe System Srl, Firenze, Italy). For the

coagulation trait analysis, sample preparation involved heating 10

mL of milk to 36°C, followed by the addition of calf rennet (200 μL)

composed of 75% chymosin and 25% pepsin (175 international

milk clotting units/mL; Clerici S.p.A., Cadorago (CO), Italy,

saccosystem.com) diluted to a 0.8% (w/v) concentration in

distilled water (Zannoni and Annibaldi, 1981). Milk correction

for fat (6.5% fat-corrected milk, FCM) and protein (6.5% fat- and

5.8% protein-corrected milk, FPCM) were calculated according to

Pulina and Nudda (2004) (Equations 2, 3).
FIGURE 1

Weather conditions recorded from grass sowing to the end of the trial, including maximum (red line), minimum (blue line), and average (grey, dashed
line) air temperature, and cumulative daily rainfall (sky blue bars). Vertical arrows indicate the sowing date (S; 30/04/2024), the adaptation period
(A; 18/06/2024 - 01/07/2024), and the sampling times during the trial (T0: 02/07/2024; T1: 09/07/2024; T2: 16/07/2024; T3: 23/07/2024;
T4: 30/07/2024).
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The equations used were:

FCM = MY  �(0:37 + 0:097  �FAT) (2)

and

FPCM = MY  �(0:25 + 0:085  �FAT + 0:035  �PROT) (3)

Moreover, somatic cell score (SCS) was calculated using the

logarithmic transformation proposed byWiggans and Shook (1987)

as follows (Equation 4):

SCS = log2   (
SCC
100

) + 3 (4)
2.6 Statistical analysis

Pasture-related variables (DM, aNDFom, ADF, ADL, CF, CP,

Ash, EE, NFC) and DMI data (DMI_BD), which were not normally

distributed according to the Shapiro-Wilk test (P ≤ 0.05), were

analysed using the non-parametric Kruskal-Wallis test. Two sets of

comparisons were performed: (i) overall differences between the

two forage types (teff and sorghum-sudangrass) regardless of

sampling time, and (ii) pairwise comparisons between teff and

sorghum-sudangrass at each sampling time (T0–T4), to evaluate

whether group differences varied across the experimental period.

Milk yield, milk composition, and BCS data were initially checked

for normality using the Shapiro-Wilk test. Variables meeting the

assumption of normality in raw or log-transformed form (i.e., MY,

FAT, FCM, FPCM, PROT, FAT/LAC, FAT/PROT, SNF, SCS,MU, CA,

COND, pH, TA) were analysed using a GeneralMixedModel (Statistica

10; StatSoft Inc., Tulsa, OK, USA). The model included the fixed effects

of group (GS, GT), time point (T0–T4), and their interaction.

Animal was included as a random effect, nested within group, to

account for repeated measurements and individual variability.

Variables that did not meet the normality assumption even after

transformation (i.e., LAC, PROT/LAC, SCC, FP, CAS, K20, RCT,

a30, and BCS) were analysed using the non-parametric Kruskal-

Wallis test (XLSTAT Premium version 2024.2.2; Addinsoft, Paris,

France). Significance was set at P ≤ 0.05.

Data from the mixed model are presented as least squares means ±

standard error (LSM ± SE; Table 1). Non-parametric variables are

reported as mean ± SE in Table 2, while their distributions are provided

as medians with interquartile ranges (IQR) in the Supplementary

Materials (Supplementary Tables S2 and S3), as appropriate.
3 Results

3.1 Forage composition and estimated dry
matter intake

Composition differed significantly between sorghum-sudangrass

and teff forages, with marked variations across the five sampling times

(Table 1). Dry matter was higher in teff (P ≤ 0.001), showing

significant differences from sorghum-sudangrass at all sampling
Frontiers in Animal Science 05
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TABLE 2 Effect of grazing on sorghum-sudangrass (GS) or teff (GT) and sampling period on milk yield and composition1 in dairy ewes.

GS GT P-value3

T4 Overall mean T0 T1 T2 T3 T4 Group Time x
Group

64 ± 0.05 0.81B ± 0.03 0.88 ± 0.05 0.96 ± 0.07 0.85b ± 0.06 0.82 ± 0.05 0.53 ± 0.04 ≤ 0.01 ≤ 0.05

2a ± 0.27 6.03B ± 0.16 7.43 ± 0.31 5.25B ± 0.21 5.37B ± 0.22 5.51B ± 0.26 6.57a ± 0.37 ≤ 0.001 ≤ 0.01

4b ± 0.13 5.50 ± 0.08 5.12 ± 0.13 5.37 ± 0.15 5.4 ± 0.18 5.43 ± 0.17 6.19a ± 0.20 n.s. ≤ 0.001

9a ± 0.05 0.76B ± 0.03 0.95 ± 0.05 0.84b ± 0.06 0.75B ± 0.05 0.74B ± 0.04 0.53b ± 0.04 ≤ 0.001 ≤ 0.01

68 ± 0.05 0.76B ± 0.03 0.93 ± 0.05 0.85 ± 0.06 0.76B ± 0.05 0.74B ± 0.04 0.54 ± 0.04 ≤ 0.01 ≤ 0.01

48 ± 0.05 4.58A ± 0.03 4.50 ± 0.05 4.63 ± 0.06 4.66a ± 0.06 4.66 ± 0.06 4.47 ± 0.08 ≤ 0.05 ≤ 0.05

68 ± 0.07 1.33B ± 0.04 1.66 ± 0.08 1.14B ± 0.06 1.16B ± 0.06 1.19B ± 0.07 1.50 ± 0.11 ≤ 0.001 ≤ 0.01

26 ± 0.03 1.21 ± 0.03 1.14 ± 0.04 1.17 ± 0.05 1.17 ± 0.05 1.17 ± 0.05 1.40 ± 0.07 n.s. n.s.

3A ± 0.04 1.10B ± 0.03 1.46 ± 0.06 0.98B ± 0.04 1.00B ± 0.04 1.02B ± 0.04 1.06B ± 0.05 ≤ 0.001 ≤ 0.001

78B ± 0.14 11.58A ± 0.07 11.11 ± 0.11 11.41 ± 0.11 11.52 ± 0.14 11.54 ± 0.12 12.34A ± 0.18 ≤ 0.01 ≤ 0.001

35 ± 30 144 ± 18 256 ± 63 147 ± 38 94 ± 20 126 ± 29 99 ± 19 n.s. n.s.

00 ± 0.28 3.02 ± 0.12 3.74 ± 0.34 3.04 ± 0.30 2.56 ± 0.25 3.00 ± 0.23 2.75 ± 0.20 n.s. n.s.

8B ± 0.002 -0.57A ± 0.001 -0.57 ± 0.003 -0.56A ± 0.004 -0.56 ± 0.002 -0.56A ± 0.002 -0.57A ± 0.002 ≤ 0.001 ≤ 0.01

.44 ± 1.72 48.90B ± 1.04 45.18 ± 2.20 51.34 ± 2.11 54.29B ± 1.88 44.99 ± 2.43 48.69 ± 2.31 ≤ 0.001 ≤ 0.001

38 ± 0.11 4.17 ± 0.07 3.88 ± 0.09 3.99 ± 0.10 4.07 ± 0.12 4.08 ± 0.12 4.83 ± 0.18 n.s. n.s.

0A ± 0.01 0.07B ± 0.003 0.10 ± 0.01 0.07B ± 0.01 0.06B ± 0.01 0.06B ± 0.01 0.07B ± 0.01 ≤ 0.001 ≤ 0.01

.14 ± 32.90 850.33a ± 12.05 867.28 ± 31.49 858.28 ± 28.38 841.4 ± 25.41 855.21 ± 24.27 829.48 ± 27.04 ≤ 0.05 n.s.

52 ± 0.02 6.44 ± 0.01 6.41 ± 0.02 6.4 ± 0.02 6.44 ± 0.02 6.45 ± 0.02 6.52 ± 0.03 n.s. n.s.

08 ± 0.19 8.27 ± 0.13 8.03 ± 0.24 8.23 ± 0.30 8.39 ± 0.29 8.44 ± 0.28 8.26 ± 0.34 n.s. n.s.

; FCM, 6.5% fat-corrected milk; FPCM, 6.5% fat- and 5.8% protein-corrected milk; LAC, lactose; SNF, solids-not-fat; SCC, somatic cell count; SCS,
atable acidity; 3Letters within the same row indicate significant differences between the two groups and among the sampling times. Lowercase letters
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Item2

Overall mean T0 T1 T2 T3

MY, g/day 0.87A ± 0.03 0.87 ± 0.05 0.95 ± 0.04 1.00a ± 0.04 0.91 ± 0.04 0

FAT, % 7.33A ± 0.13 7.92 ± 0.33 7.06A ± 0.24 7.12A ± 0.24 7.04A ± 0.23 7

PROT, % 5.42 ± 0.06 5.37 ± 0.18 5.28 ± 0.12 5.4 ± 0.12 5.40 ± 0.13 5

FCM, kg/day 0.94A ± 0.03 0.99 ± 0.06 1.00a ± 0.05 1.05A ± 0.05 0.95A ± 0.04 0

FPCM, kg/day 0.92A ± 0.03 0.96 ± 0.05 0.98 ± 0.04 1.03A ± 0.04 0.94A ± 0.04 0

LAC, % 4.51B ± 0.02 4.48 ± 0.06 4.54 ± 0.06 4.52b ± 0.05 4.55 ± 0.05 4

FAT/LAC 1.63A ± 0.03 1.77 ± 0.08 1.56A ± 0.07 1.58A ± 0.07 1.55A ± 0.06 1

PROT/LAC 1.20 ± 0.02 1.20 ± 0.05 1.17 ± 0.03 1.20 ± 0.03 1.19 ± 0.03 1

FAT/PROT 1.36A ± 0.02 1.49 ± 0.07 1.34A ± 0.04 1.33A ± 0.04 1.31A ± 0.04 1

SNF, % 11.44B ± 0.03 11.32 ± 0.16 11.26 ± 0.13 11.40 ± 0.13 11.45 ± 0.14 11

SCC x1000, n/mL 178 ± 27 180 ± 36 241 ± 100 162 ± 42 170 ± 64

SCS 3.19 ± 0.14 3.53 ± 0.26 3.33 ± 0.38 3.13 ± 0.38 3.00 ± 0.34 3

FP, °C -0.57B ± 0.001 -0.58 ± 0.003 -0.58B ± 0.002 -0.57 ± 0.002 -0.57B ± 0.002 -0.

MU, mg/dL 51.91A ± 1.36 44.63 ± 2.08 51.08 ± 1.96 71.11A ± 1.96 46.31 ± 1.09 4

CAS, % 4.11 ± 0.05 4.06 ± 0.12 3.93 ± 0.09 4.10 ± 0.09 4.07 ± 0.09 4

CA, % 0.10A ± 0.004 0.11 ± 0.01 0.11A ± 0.01 0.10A ± 0.01 0.10A ± 0.01 0

COND, mS/cm 831.30b ± 14.51 855.34 ± 38.29 828.27 ± 33.5 813.35 ± 33.5 824.14 ± 29.95 82

pH 6.44 ± 0.01 6.37 ± 0.02 6.41 ± 0.02 6.46 ± 0.02 6.52 ± 0.02 6

TA, °SH 8.34 ± 0.1 8.61 ± 0.28 8.29 ± 0.19 8.20 ± 0.19 8.08 ± 0.24 8

1Values are expressed as Least Squares Means (LSM) ± Standard Error (SE). 2MY, milk yield; FAT, fat; PROT, protein
somatic cell score; FP, frozen point; MU, milk urea; CAS, total casein; CA, citric acid; COND, milk conductivity; TA, tit
indicate P ≤ 0.05; capital letters indicate P ≤ 0.01, P ≤ 0.001; n.s. indicates P > 0.05.
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points. Neutral detergent fibre did not differ between groups overall,

although differences between the two forages were detected at T0 (P ≤

0.01). Acid detergent fibre and ADL were significantly lower in teff (P

≤ 0.001; P ≤ 0.001) as was CF (P ≤ 0.001). In contrast, CP and EE

were higher in teff (P ≤ 0.01; P ≤ 0.001). The ash content was slightly

lower in teff (P ≤ 0.05), with no significant differences across time

points. Finally, NFC was significantly lower in teff (P ≤ 0.001). The

comparison at each sampling time revealed significant differences

between the two forages for DM, ADF, ADL, CP, EE, and NFC (P ≤

0.001), as well for aNDFom (P ≤ 0.01).

The DMI_BD was consistently lower in animals grazing teff

compared with those grazing sorghum-sudangrass (P ≤ 0.001). In

GT, DMI_BD remained stable across all sampling times, while in

GS gradually decreased from T0 to T4. At each sampling time, the

comparison between groups confirmed significant differences (P

≤ 0.001).
3.2 Body Condition Score

The overall BCS evaluation showed no significant differences

between groups. At T0, BCS was 2.7 ± 0.15 in GS and 2.7 ± 0.16 in

GT. At T2, BCS was 2.5 ± 0.09 in GS and 2.5 ± 0.11 in GT, while at

T4 it was 2.5 ± 0.07 and 2.5 ± 0.08, respectively. Significant

differences were observed between sampling times within both

groups: in GS between T0 and T2 (P ≤ 0.01) and between T0 and

T4 (P ≤ 0.05); in GT between T0 and T2 (P ≤ 0.001) and T0 and T4

(P ≤ 0.01). Overall, BCS decreased from T0 to T2 in both groups

and then remained stable up to T4.
3.3 Milk

Milk yield was significantly reduced in GT compared with GS

(P ≤ 0.01), with a significant time × group interaction (P ≤ 0.05)

mainly due to the differences observed at T2. Similarly, both FCM

and FPCM were lower in GT, although following a different

temporal pattern, as indicated by a significant interaction (P ≤

0.01). Regarding milk composition (Table 2; Figure 2), FAT content

was reduced in GT (P ≤ 0.001), with a marked time × group

interaction (P ≤ 0.01). PROT content did not differ between groups,

although an interaction effect (P ≤ 0.001) was detected particularly

due to the higher value in GT at T4. LAC content was higher in GT

compared to GS (P ≤ 0.05), with a time × group interaction (P ≤

0.05). Consequently, the FAT/LAC ratio was reduced in GT (P ≤

0.001), with a significant interaction (P ≤ 0.01), while the PROT/

LAC ratio remained stable over time and between groups. The FAT/

PROT ratio was also lower in GT (P ≤ 0.001), with a significant

time × group interaction (P ≤ 0.001). SNF content was higher in GT

(P ≤ 0.01), again with a strong interaction effect (P ≤ 0.001). A

similar trend was observed for FP, which was on average higher in

GT (P ≤ 0.001), with significant differences among sampling times

(P ≤ 0.01). No significant differences emerged between groups for

SCC, SCS, CAS, pH, TA, or coagulation traits (k20, RCT, a30,

Table 3), although RCT was lower in GT at T2 compared with GS
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(P ≤ 0.05). Moreover, MU was significantly higher in GS (P ≤ 0.001)

and increased over time (P ≤ 0.001), particularly at T2. Finally, CA

content decreased in GT (P ≤ 0.001), while COND was significantly

higher (P ≤ 0.05).
4 Discussion

In recent years, teff has emerged as a promising forage crop,

while sorghum-sudangrass has confirmed its relevance, particularly

in regions characterized by water scarcity in summer. Forage species

that can thrive under limited water availability while still providing

adequate nutritional value represent valuable alternatives to

irrigated crops (Saylor et al., 2018), especially in view of the

increasing pressure that climate change is exerting on agro-

systems. Rising temperatures and water shortages (Zobeidi et al.,

2022) pose major challenges to both crop productivity and the

availability of feed resources for livestock. As emphasized by

Morand-Fehr et al. (2007), feeding strategies are directly shaped

by farmers, and their impact on animal performance is often

evident in the short term.

Under the economic sustainability standpoint, in sheep

farming, and in livestock production more broadly, animal

feeding is the most influential factor affecting farming

performance. Feed-related costs typically represent 50-90% of the

total expenditure of producing sheep or goat milk, underscoring

their central role in the economic sustainability of small ruminant

systems (Morand-Fehr et al., 2007). For all these reasons, the

adoption of alternative forage species such as teff must be

evaluated in terms of their impact on animal productivity, and for

their economic feasibility.

Although the present study did not include a formal economic

assessment, the evaluation of the economic feasibility of teff

compared to more conventional forage crops represents an

important aspect for future research, particularly in the context of

Mediterranean small ruminant production systems.

Within this context, teff, together with other emerging crops

such as quinoa, tritordeum, and chia, has been proposed as a

potential alternative particularly suited to Mediterranean

conditions (Ruggeri et al., 2024). However, information on the

adoption of teff forage in small ruminant production systems,

especially under grazing management, remains very limited,

particularly in the Mediterranean area. This study represents the

first attempt to evaluate the effects on milk performance on lactating

Sarda ewes grazing on teff compared to a more common grazing

fodder source (sorghum-sudangrass).

In our study, teff exhibited a generally higher DM content

compared to sorghum-sudangrass, and with average values

exceeding those reported in the literature. Ruggeri et al. (2024)

documented a DM range between 21-34%, particularly lower

during the heading stage, probably because in their study the crop

was irrigated, as DM accumulation increased progressively

throughout the plant’s developmental stages. Crude protein

content in teff was also found to be higher than that of sorghum-

sudangrass; however, it remained lower than the values previously
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reported. A considerable fraction of CP (41.6 ± 6.4%, unpublished

data) in different teff genotypes has been observed to be bound to

the aNDFom. According to Miller (2010) and Ruggeri et al. (2024),

CP values in teff range between 12-16%, while Uyanik and Carpici

(2025) observed broader variability, with CP values ranging from 10

up to 19%. The fibr content of teff, specifically aNDFom, was

consistent with the literature findings (Miller, 2010; Ruggeri et al.,

2024; Uyanik and Carpici, 2025). Regarding the NFC quota, teff

showed lower values than sorghum-sudangrass. However, when

compared to previously reported ranges, teff exhibited slightly

higher NFC values; Ruggeri et al. (2024) reported an NFC range

between 3-12%. The observed discrepancies in nutritional

composition between our findings and those in literature are

likely due to the use of different teff varieties, agronomic

conditions, phenological stage, environmental conditions, and

genetic variability which plays a fundamental role in defining the

forage quality (Ruggeri et al., 2024; Uyanik and Carpici, 2025).

Similarly to teff , sorghum-sudangrass also showed

compositional values that diverged from those reported in the

literature, with higher DM and aNDFom contents and lower CP

concentrations (Pupo et al., 2022). Reported CP values for

sorghum-sudangrass usually range between 11-15% (Miller, 2010;

Pupo et al., 2022), whereas in this study they were considerably

lower. Fiber fractions were also above the values commonly

described in previous works. Such discrepancies can be attributed

to the combined influence of agronomic practices and

environmental conditions. In fact, both sorghum-sudangrass and
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teff were grown without irrigation or fertilization during the 2024

season, which was characterized by scarce rainfall and high

temperatures (Figure 1). Under these circumstances, sorghum-

sudangrass deviated markedly from the nutritional standards

reported in the literature, while the teff mix only partially

expressed its genetic potential, producing forage of lower

nutritional quality than expected. Overall, these findings suggest

that the reduction in nutritive value - particularly evident in teff -

was the result of the interaction between management practices and

climatic stress, rather than an intrinsic limitation of the species.

Although both crops were grown under similar conditions, in

this study a more pronounced decline over time in forage quality

was observed for sorghum-sudangrass. In comparison, teff

maintained relatively more stable nutritional characteristics

throughout the growing period. In particular, the accumulation of

aNDFom, ADF and ADL were more pronounced in sorghum-

sudangrass than in teff.

Although the biomass availability did not represent a limiting

factor for both the GT and GS grazing ewes, the indicative estimates

of forage intake, as estimated by the NDS Pro, highlighted a

difference between the two grazed forages: on average, DMI_BD

of teff was 21.7% lower than that of sorghum-sudangrass. This

difference could be explained by the forage chemical composition

and pasture characteristics, such as leaf morphology, including the

presence of hairs and cuticle thickness, leaf size, the physical

properties of stems all of which can stimulate, limit, or inhibit

animal feeding behaviour (Barre et al., 2006; Decruyenaere et al.,
FIGURE 2

Temporal changes in milk yield, fat, protein and solids-not fat of dairy ewes grazing on sorghum-sudangrass (GS; blue line) and teff (GT; green line).
* = P ≤ 0.05; ** = P ≤ 0.01. Error bars represent the standard error mean. Graphs were generated using GraphPad Prism version 8.0.1 (GraphPad
Software, Boston, MA, USA).
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2009). These structural features may potentially limit voluntary

DMI and could also affect digestibility. Indeed, previous studies

have reported that the in vitro digestibility of teff is approximately 4-

5% lower than that of sorghum-sudangrass (Twidwell et al., 2002;

Schrenker, 2014). Both intake and digestibility are critical factors

influencing the availability of nutrients necessary for milk secretion

(Decruyenaere et al., 2009). However, these remain speculative

considerations, as no studies in the literature have specifically

assessed the effect of grazing on teff in sheep milk production and

quality. To the best of our knowledge, existing research has focused

on the inclusion of teff hay in total mixed ration (TMR) diets for

dairy cows, in which no influence on DMI was reported (Saylor

et al., 2018; Wagali et al., 2023). As a result of the lower DM intake,

the GT grazing ewes had a lower daily milk yield (-7.37%)

compared to the ones grazing on sorghum-sudangrass. Although

milk production was initially similar between the two groups, a clear

decline in the teff group became evident after three weeks of grazing.

A similar, though more pronounced, pattern was observed for

FCM, which decreased by 18.4%, with significant differences

already apparent by the second sampling point. The marked

reduction in FCM is attributable to the lower milk fat content

observed in the GT from the second sampling onward. This lower

milk fat in the GT persisted throughout the experimental period,

with the exception of the final sampling, where differences between

the groups, although still present, were smaller, and both groups

showed an increase in milk fat content, much more pronounced in

the GT, which can be attributed to the single daily milking and the

consequent milk concentration effect. Milk protein content

remained similar between groups over time, with an increase at

the end of the experimentation phase for the same reasons

described above for fat content. A significant difference was

observed only at the T4 sampling, when milk protein content was

higher in the GT than GS ewes, likely due to the greater reduction in

milk yield in this group and the resulting concentration effect.

Consequently, the FAT/PROT ratio also followed the same trend

reported for milk fat.

The reductions observed in MY, FCM, FPCM, and FAT content

may be partially explained by the lower DM intake recorded in the GT

group, as previously discussed, in agreement with literature reporting a

direct relationship between reduced feed intake and decreased milk

yield (Pulina et al., 2013). According to Pulina et al. (2005), the energy

content of the diet, the amount of protein, and the amount of fibre are

the main factors influencing milk yield as well as milk fat and protein

content in sheep. Furthermore, a lower intake of NFC, highly digestible

carbohydrates that include total starch and sugars, may have

contributed, as these compounds represent an essential energy source

for ruminants (Ruggeri et al., 2024).

Since GT animals were moved to pasture immediately after

milking and received their concentrate portion during milking, based

on indicative estimates from the NDS Pro system, they may have

consumed less forage while grazing on teff. This could have resulted in

an imbalance between concentrate and forage intake in the GT group,

which may be consistent with the observed reduction in milk fat

content. As noted by Allen (1997), excessive dietary concentration,

particularly of fermentable carbohydrates, can reduce ruminal pH,
T
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favouring non-cellulolytic over cellulolytic microorganisms (Van Soest,

1994), decreasing acetate and increasing propionate production, which

can contribute to lower milk fat content.

Additionally, the lower DMI estimated for the GT group may

have resulted in reduced rumination time, thereby producing less

saliva with its buffering capacity, which is essential for maintaining

a stable rumen environment (Mertens, 1997). It is also possible that

teff contains bioactive secondary metabolites, particularly

polyphenols and flavonoid derivatives, that could influence rumen

microbial populations and fibre fermentation, potentially affecting

DMI and milk fat synthesis. However, this remains speculative and

warrants further investigation in future studies. Although a

reduction in indicative intake was suggested for the GT, BCS did

not differ from GS ewes, though it decreased over time in both. It is

noteworthy that, despite the similar decrease in BCS, the GT ones

showed lower production compared to the GS ones.

To date, no studies have investigated the impact of teff grazing on

milk production and quality in sheep. Only a few trials have explored

the use of teff in dairy cow diets, primarily through the inclusion of teff

hay in TMR. For example, Wagali et al. (2023) reported that replacing

more than 11% of the basal TMR with teff hay increased milk yield in

dairy cows without altering milk composition, as fat and protein

contents remained stable. Similarly, Saylor et al. (2018) included

27.3-29.6% teff hay in the diets of dairy cows and observed no

differences in feed intake, milk yield, or milk fat content, but

reported higher milk protein concentrations, which they attributed to

the greater fermentability of teff-based diets. Although these results are

not directly comparable to ours due to the difference of the farming

systems, they suggest that teff may be profitably included as a valuable

forage component in controlled feeding systems such as TMR feeding.

However, under grazing conditions, as observed in our study, sheep

may experience reduced intake due to a presumed lower palatability or

the chemical and physical characteristics of the teff mix used as pasture,

such as the presence of defensive leaf tector trichomes (Favaretto et al.,

2015), highlighting the need for further research on the topic.

In the present study, SCC values consistently remained below

200 × 10³ cells/mL, indicating very good udder health status

(Paschino et al., 2019), suggesting that the animals were managed

under proper husbandry conditions. No significant differences were

observed in SCC or SCS between the two grazing groups, as nor

their group × time interaction, confirming that grazing on teff in

comparison to sorghum-sudangrass did not negatively affect udder

health. These findings are in line with previous studies conducted

on dairy cows, where the inclusion of teff in the diet did not result in

increased SCC or SCS (Saylor et al., 2018; Wagali et al., 2023).

Although milk conductivity was slightly lower in the GS, this is not

indicative of any health issues but rather reflects a dilution effect due

to the higher milk yield observed in this group.

The content of CA in sheep milk is a potential biomarker of

mammary gland function and overall metabolic status. Along with

established indicators such as SCC, milk electrical conductivity or pH,

CA can provide valuable insights into subclinical mastitis and the

physiological dynamics of lactation (Oshima and Fuse, 1981). As

expected, CA concentrations declined progressively throughout

lactation in both experimental groups, reflecting the natural
Frontiers in Animal Science 10
reduction in mammary metabolic activity over time. Beyond its

physiological role, the CA content in milk also appears sensitive to

dietary influences, particularly in relation to the availability of energetic

precursors. In our trial, ewes in GT group consistently exhibited lower

milk CA concentrations than those in GS group, despite similar levels

at the beginning of the experimental period. This difference suggests

that the composition of teff forage may limit the supply of key

substrates required for CA synthesis. Citric acid is synthesised in

mammary epithelial cells from carbon derived primarily from

glucose and acetate and is secreted into milk via exocytosis alongside

lactose andmilk proteins (Linzell et al., 1976). As an intermediate of the

tricarboxylic acid cycle, CA plays a pivotal role in energy metabolism

and contributes indirectly to milk fat synthesis by generating NADPH

(Garnsworthy et al., 2006). Therefore, the reduced CA concentrations

observed in the GT group may indicate suboptimal energy metabolism

of the mammary gland, potentially limiting NADPH availability and

partially explaining the lower milk fat content compared to the GS

group. These findings may contribute to explaining the reduced milk

yield and fat content previously observed in the GT, as the lower CA

concentrations could reflect a limitation in the energy supply to the

mammary gland. The higher lactose concentration observed in GT

milk (+1.55%), despite the lower availability of glucogenic substrates,

may indicate that lactose synthesis was maintained as a metabolic

priority, possibly at the expense of other pathways, as reflected by the

lower fat and CA contents in this group.

As previously discussed, teff has a higher total protein content

compared to sorghum-sudangrass, which would typically be expected

to result in higher MU concentrations (Cannas et al., 1998). However,

contrary to this expectation, sheep in the GS exhibited higher MU

levels than those in the GT. This difference may be related to variations

in the higher rumen degradable protein (RDP) content in sorghum-

sudangrass compared to teff, although direct bibliographic evidence for

this specific hypothesis is limited. Mikolayunas-Sandrock et al. (2009)

demonstrated that the proportions of RDP and rumen undegradable

protein (RUP) in the diet significantly influence MU in sheep fed

nearly isoenergetic diets. Specifically, sheep receiving 14% RDP and 4%

RUP (DM basis) showed higher MU concentrations than those

receiving 12% RDP and 4% RUP. Therefore, even though sorghum-

sudangrass has a lower total protein content than teff, the observed

higher MU concentrations in sorghum-sudangrass could be due to a

relatively higher RDP fraction, potentially increasing ammonia

production in the rumen and consequently higher MU

concentrations in milk. An elevated RDP supply may increase urea

excretion and reduce nitrogen utilization efficiency in the animal

(Mikolayunas-Sandrock et al., 2009).

Although ewes in the GT showed lower milk yield and fat

content, milk rheological properties were generally unaffected,

except for RCT at T2. This finding is particularly relevant in

sheep production systems, where milk quality is closely associated

with cheese-making potential. The preservation of coagulation

traits, despite the differences in production and composition,

suggests that teff-based diets may still ensure adequate milk

processing performance. Such evidence supports the potential

suitability of teff as a forage resource in dairy sheep systems, even

under challenging environmental conditions.
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This study provides novel evidence on the use of teff and sorghum-

sudangrass as summer forage resources for dairy sheep under

Mediterranean conditions. Both species supported lactating ewes

without negative effects on udder health, but differences emerged in

terms of intake and milk performance. While teff pastures showed

higher dry matter and crude protein contents and a more stable

nutritional profile over time indicative estimates suggested slightly

lower voluntary dry matter intake compared with sorghum-sudangrass

resulted in slightly reduced milk yield and fat concentration, whereas

lactose content was higher and protein levels were unaffected.

Overall, the results indicate that both crops can contribute to

reducing the seasonal gap in forage supply and may help sustain

milk production during summer, thereby supporting out-of-season

milk availability in Mediterranean dairy systems. Teff appears

promising for water-limited areas, however, on-farm evaluations

including direct measurements of pasture DMI are needed to better

assess its feeding potential. Its wide genetic variability and the

limited selection achieved so far suggest that targeted breeding

programs aimed to improving palatability and intake could enhance

its role as a valuable summer forage for dairy sheep and other

ruminants in hot and dry regions.
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