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ABSTRACT

The objective of this experiment was to investigate 
the effect of concentrate supplement level and type on 
the milk fat production of grazing dairy cows in early 
to mid-lactation during a high-risk period for reduced 
milk fat synthesis. Eighty Holstein Friesian dairy cows 
averaging (mean ± SD) 55 ± 14 DIM were blocked based 
on their pre-experimental milk production and parity 
and randomly assigned to 1 of 5 dietary treatments: a 
pasture-only (P) control supplemented with 0.27 kg of 
DM/cow per day of a mineral and vitamin pack (P0); P 
supplemented with 2 kg of DM/cow per day of an indus-
try-standard concentrate (P2); P supplemented with 4 kg 
of DM/cow per day of an industry-standard concentrate 
(P4); P supplemented with 4 kg of DM/cow per day of 
a concentrate containing 10% sodium hydroxide-treated 
straw (P4S); and P supplemented with 4 kg of DM/cow 
per day of a concentrate containing 5% calcium salts of 
fatty acids (P4F). The experiment consisted of an initial 
2-wk covariate period, 1 wk of diet acclimatization, and a 
12-wk period of data collection. Concentrate supplement 
level and type had no effect on milk fat concentration. 
Increasing the concentrate supplementation level linearly 
increased milk yield, ECM yield, fat yield, protein yield, 
lactose yield, and milk solids yield. Cows fed P4F had 
greater milk yield and lactose yield but lower milk pro-
tein concentration compared with cows fed P4 and P4S. 
Compared with the P4S diet, cows fed the P4F diet had 
greater milk fat yield and tended to produce greater milk 
solids yield. Cows fed P4F had lower proportions of de 
novo and mixed fatty acids (FA), as well as greater pro-
portions of preformed FA compared with cows fed P4 
and P4S. Cows fed P2 and P4 increased DM and OM 
intake compared with cows fed P0; however, cows fed 

P2 and P4 were similar. The total FA intake of cows fed 
P4 was greatest (400 g/d), cows fed P2 was intermediate 
(370 g/d), and cows fed P0 was lowest (330 g/d). Chang-
ing the concentrate type had no effect on the intakes of 
total DM, pasture DM, and OM. These results suggest 
that, although concentrate level and type can affect milk 
fat yield, they do not affect the milk fat concentration of 
grazing dairy cows within the conditions investigated in 
this experiment. Further research is required to determine 
the nutritional and non-nutritional factors responsible for 
reducing milk fat concentration in pasture-based systems 
during the high-risk period.
Key words: dairy cow, milk fat production, concentrate 
supplementation, grazing

INTRODUCTION

Milk fat contributes substantially to the economic 
value of milk, as it can lead to the production of highly 
nutritious food ingredients for human consumption (Mo-
han et al., 2021). Milk fat is the most variable compo-
nent of milk and can be affected by several nutritional 
and non-nutritional factors (Kalač and Samková, 2010; 
O’Sullivan et al., 2019). Understanding these factors 
provides an opportunity to increase the economic and 
environmental sustainability of pasture-based systems. 
There has been a considerable increase in annual milk 
fat concentration over the past decade; however, there 
seems to be a consistent reduction during the late spring 
and early summer period in pasture-based systems (CSO, 
2024). In spring-calving dairy herds, this period coin-
cides with peak milk yield, leading to the inference that 
the majority of the reduction in milk fat concentration 
is due to stage of lactation. Carty et al. (2017) reported 
that the highest prevalence of reduced milk fat concen-
tration occurred during April and May, with 9% of herds 
experiencing a reduction in milk fat concentration below 
3.3%. Notably, this reduction occurred for both spring- 
and autumn-calving herds, suggesting that time of year 
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might have a greater influence on milk fat concentration 
than the cow’s stage of lactation.

The association between reduced milk fat concentra-
tion and time of year has stimulated numerous investiga-
tions into both environmental (Salfer et al., 2019) and 
nutritional (Neville et al., 2023) contributing factors. 
Salfer and Harvatine (2018) reported that annual rhythms 
could be responsible for a 0.15% to 0.30% fluctuation in 
milk fat concentration, with the magnitude of the effect 
possibly varying by latitude and changes in photoperiod 
length. Rivero and Anrique (2015) suggested that the 
reduction in milk fat concentration during late spring and 
early summer might be related to low concentrations of 
pasture NDF and greater intakes of UFA during this pe-
riod. Heffernan et al. (2024) recently demonstrated that 
grassland management practices that maintain the plant 
in a more immature state could lead to increased concen-
trations of plant fatty acids. Furthermore, these immature 
pastures can also have high levels of rapidly fermentable 
carbohydrates (Dineen et al., 2021a), potentially leading 
to low rumen pH (O’Grady et al., 2008). These dietary 
attributes could develop an altered rumen environment 
and shifts in biohydrogenation pathways leading to the 
production of CLA isomers (e.g., trans-10,cis-12 CLA), 
which have been demonstrated to be potent inhibitors of 
milk fat synthesis (Bauman and Griinari. 2001). How-
ever, in an observational investigation by Neville et al. 
(2023), the authors did not demonstrate relationships 
among these pasture chemical composition variables and 
herds exhibiting reduced milk fat concentration.

During the high-risk period for reduced milk fat syn-
thesis, pasture-based management practices typically 
provide a considerable level of concentrate supplemen-
tation. Ingredients included in such concentrates (e.g., 
barley, maize meal, soybean meal, maize distillers 
grains) are typically lower in NDF, higher in rapidly 
fermentable carbohydrates, and higher in UFA com-
pared with immature pasture. In a review by Bargo et 
al. (2003), the authors reported a negative relationship 
among concentrate intake and milk fat concentration, 
with supplemented cows producing 6% lower milk fat 
concentration compared with pasture-only diets. The 
concentration and digestibility of starch in such supple-
ments likely contributes to reduced milk fat concentra-
tion (Oba and Allen, 2003; Rugoho et al., 2017; McKay 
et al., 2019). However, Bargo et al. (2003) highlighted 
that the negative relationship among concentrate intake 
and milk fat concentration was equivocal across experi-
ments, which might be related to factors such as level 
of concentrate supplementation, concentrate ingredients 
and pasture chemical composition.

There is growing interest in the supplementation of 
rumen-inert fat ingredients to pasture-fed cows to meet 
the cow’s energy demand (de Souza et al., 2023). Such 

ingredients can provide a supply of energy without simul-
taneously increasing the rumen fermentable carbohydrate 
load, maintaining a more favorable condition for milk fat 
production. In addition, recent experiments investigating 
the effects of feeding calcium salts of palm fatty acids 
(CaFA) distillate to cows consuming indoor diets have 
demonstrated increased milk fat production (Lock and de 
Souza, 2017) and the ability to alleviate reduced milk fat 
concentrations (Ramirez-Ramirez et al., 2016). However, 
limited research is available on the effects of these ingre-
dients when fed to pasture-based cows.

Ultimately, more research is required to understand 
the nutritional mechanisms that could be responsible 
for reduced milk fat concentration during the high-risk 
period in pasture-based systems. Therefore, we designed 
an experiment to test the hypotheses that (1) increasing 
concentrate supplementation level would reduce milk 
fat concentration compared with a pasture-only diet, and 
(2) at a high concentrate supplementation level, partial 
replacement of a starch-based ingredient with a fiber- or 
fat-based ingredient would alleviate reduction in milk fat 
concentration. Overall, the objective of this experiment 
was to investigate the effects of concentrate supplement 
level and type on milk fat production of spring-calving 
grazing dairy cows during a high-risk period for reduced 
milk fat synthesis.

MATERIALS AND METHODS

This experiment was conducted with the approval of 
the Health Products Regulatory Authority (Dublin, Ire-
land) through the experimental license AE19132-P133, 
under the European directive 2010/63/EU and Statutory 
Instrument no. 543 of 2012 (European Union, 2012). The 
experiment was undertaken at the Dairygold Research 
Farm (Teagasc, Animal and Grassland Research and In-
novation Centre, Moorepark, Fermoy, Co. Cork, Ireland; 
52°09′N, 8°16′W) between April and July 2021. Me-
teorological data were obtained from a weather station 
located at Moorepark, Fermoy, Co. Cork, Ireland. Daily 
air temperature (°C), soil temperature (°C at 100-mm 
depth), and rainfall (mm) were recorded.

Cows, Treatment, and Experimental Design

Twenty-five primiparous (mean ± SD; 57 ± 15 DIM 
and 451 ± 26 kg of BW) and 55 multiparous (54 ± 14 
DIM and 498 ± 53 kg of BW) spring-calving Holstein 
Friesian dairy cows were enrolled in a 2-wk covariate 
period. During this period, cows grazed together and re-
ceived a common diet of pasture and 2.67 kg of DM/cow 
per day of a dairy concentrate supplement. Data from this 
covariate period were used to block animals into groups 
of 5 based on milk yield (26.0 ± 3.72 kg), milk solids 
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yield (2.04 ± 0.28 kg), BW (498 ± 53 kg), and parity 
(2.6 ± 1.7). The cows were then randomly assigned to 1 
of 5 dietary treatments in a randomized complete block 
design (n = 16). The 5 dietary treatments were as fol-
lows: a pasture-only (P) control, supplemented with 0.27 
kg of DM/cow per day of a mineral and vitamin pack 
(P0); P supplemented with 2 kg of DM/cow per day of an 
industry-standard concentrate (P2); P supplemented with 
4 kg of DM/cow per day of an industry-standard con-
centrate (P4); P supplemented with 4 kg of DM/cow per 
day of a concentrate containing 10% sodium hydroxide-
treated straw (P4S); and P supplemented with 4 kg of 
DM/cow per day of a concentrate containing 5% CaFA 
(P4F; Table 1). The P0 mineral and vitamin pack, fed at 
0.27 kg of DM/cow per day, contained 58% maize meal, 
26% magnesium oxide, 8.5% defluorinated phosphate, 
5% mineral and vitamin mix, 2% molasses, and 1.2% 
sodium chloride. The mineral and vitamin mix contained 
300 mg/kg of selenium, 560 mg/kg of cobalt, 1,000 mg/
kg of iodine, 18,800 mg/kg of copper, 22,800 mg/kg of 
manganese, 32,000 mg/kg of zinc, 2,400,000 IU/kg of 
vitamin A, 600,000 IU/kg of vitamin D3, and 8,000 mg/
kg of vitamin E. The industry-standard concentrate was 
formulated to contain moderate concentrations of both 
starch and NDF. The concentrates P4S and P4F were 
similar to the industry-standard concentrates fed in treat-

ments P2 and P4; however, either 100 g/kg or 50 g/kg 
of barley were replaced with sodium hydroxide-treated 
straw or a CaFA ingredient, respectively. The CaFA in-
gredient was a calcium salt (84% fat, 9% Ca, and 7% 
other), with the fatty acid (FA) proportion comprising 
of 58% palmitic acid, 28% oleic acid, 6% linoleic acid, 
5% stearic acid, and 3% others. Concentrate supplements 
were fed in the parlor manually, twice daily, in 2 equal 
portions, and refusals were recorded if present. Follow-
ing a 1-wk acclimatization period to allow animals to 
transition onto the new dietary treatments, a 12-wk data 
collection period commenced.

Grazing Management and Sward Measurements

The grazing area consisted of 26.3 ha, permanently 
subdivided into 16 paddocks, with perennial ryegrass 
(Lolium perenne L.) as the dominant pasture species 
present. All cows grazed together as a single group and 
had ad libitum access to fresh water. Cows grazed full-
time and were allocated either a 24-h or 36-h residence 
time within each paddock or until a targeted postgrazing 
residual compressed sward height of 4 to 4.5 cm was 
achieved. Postgrazing residual compressed sward height 
was determined by recording 30 measurements across 
each grazing allocation using a rising plate meter (di-
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Table 1. Ingredient composition and feeding level of the experimental supplements

Ingredient, g/kg (as-fed basis)

Experimental supplement1

P2 P4 P4S P4F

Maize meal 200 200 200 200
Barley 150 150 50 100
Maize gluten 150 150 150 150
Soy hulls 150 150 150 150
Unmolassed beet pulp 76.1 95.8 88.8 97.5
Rapeseed meal extract 70 70 70 70
Liquid sugar cane/beet molasses2 70 70 70 70
Maize distillers grains 50 50 50 50
Soybean meal 30.7 27.3 39.4 36.7
Magnesium oxide 30 15 15 15
Mineral and vitamin mix3 10 5 5 5
Calcium carbonate 7.4 11.2 10.5 —
Sodium chloride 5.8 5.7 1.3 5.8
Sodium hydroxide-treated straw4 — — 100 —
Calcium salt of fatty acids5 — — — 50
Feeding level, kg of DM/d 2 4 4 4
1P0 = pasture-only control, supplemented with 0.27 kg/d of a mineral and vitamin pack (not presented); P2 = 
pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 
kg DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate 
supplement containing a calcium salt of fatty acids.
2Molprem (Premier Molasses Co. Ltd.).
3Mineral and vitamin mix contained the following: 300 mg/kg of selenium, 560 mg/kg of cobalt, 1,000 mg/kg of 
iodine, 18,800 mg/kg of copper, 22,800 mg/kg of manganese, 32,000 mg/kg of zinc, 2,400,000 IU/kg of vitamin A, 
600,000 IU/kg of vitamin D3 and 8,000 mg/kg of vitamin E.
4Nutritionally improved straw (Sundown Products Ltd.).
5Mega Max (Volac Wilmar feed ingredients) is a calcium salt of fatty acids, and, of the total fatty acids, 58% were 
C16:0, 28% were C18:1, 6% were C18:2, 5% were C18:0, and 3% were defined as others.
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ameter 355 mm, and 3.2 kg/m2; Jenquip, Feilding, NZ). 
Herbage quantity was monitored weekly and managed in 
accordance with O’Donovan et al. (2002) with the use of 
the PastureBase Ireland decision support tool (Hanrahan 
et al., 2017). Pregrazing herbage yield (kg of DM/ha) 
was determined twice weekly by cutting 2 strips (1.2 m 
× 10 m) within each paddock before grazing using an 
Etesia mower (Etesia UK Ltd.). The harvested material 
from each strip was weighed and subsampled to deter-
mine DM concentration and herbage yield. Dry matter 
concentration was determined by drying 100 g of the 
subsampled material for 16 h at 90°C. Sward density was 
calculated as described by Dineen et al. (2021b). An ad-
ditional 30 compressed sward height measurements were 
taken diagonally across each paddock using the previ-
ously mentioned rising plate meter to determine pregraz-
ing compressed sward height. The above measurements 
were used to calculate herbage yield in accordance with 
Dineen et al. (2021b):

Pregrazing herbage yield (kg of DM/ha)  

= [Pregrazing compressed sward height (cm) − 4 (cm)] 

× sward density (kg of DM/cm per ha).

Pasture allowance was calculated as proposed by Delaby 
et al. (1998).

Sward and Concentrate Chemical Analysis

Gardena (Accu 60, Gardena International GmbH, 
Germany) hand shears were used to harvest pasture 
samples, positioned 4 cm above ground level at 30 
representative locations across the entirety of the 
paddock before grazing. Samples were immediately 
snap-frozen in liquid nitrogen before being stored at 
−20°C. Samples were composited on a weekly basis and 
freeze-dried (LS40+chamber, MechaTech System Ltd.) 
at a condenser temperature of −55°C for at least 72 h. 
Concentrate samples were collected weekly and dried 
at 60°C for 48 h. Dried samples were milled through a 
1-mm screen using a Cyclotech 1093 Sample Mill (Foss, 
DK-3400) and stored subsequent to chemical analysis. 
Samples were analyzed for ash (AOAC International, 
2000, method 942.05), CP using a Leco FP-628 (Leco 
Australia Pty Ltd., Baulkham Hills, New South Wales 
Australia; AOAC, 1990, method 990.03), organic matter 
digestibility (Morgan et al., 1989) using a Fibertec Sys-
tems analyzer (Foss, Ballymount, Dublin 12, Ireland), 
and NDF and ADF using an Ankom 200 Fiber Analyzer 
(Macedon, NY; AOAC, 1995, method 973.18). The NDF 
and ADF results are reported inclusive of residual ash. 
The starch concentration of concentrate supplements 
was determined by FBA Laboratories (Co. Waterford, 

Ireland) using the Megazyme Total Starch Assay Pro-
cedure (product no. K-TSTA, Megazyme International 
Ireland Ltd., Co. Wicklow, Ireland). The FA composi-
tion of feedstuffs were analyzed via gas chromatogra-
phy. Fatty acid methyl esters (FAME) were extracted in 
duplicate using the rapid microwave-assisted technique 
described by Brunton et al. (2015). For base-catalyzed 
trans-esterification, 10 mL of 2.5% potassium hydroxide 
in methanol was added, and the Xpress vessels were 
heated in the MARS 6  (CEM Corporation, Matthews, 
NC) to 130°C over 4 min and held at this temperature for 
a further 4 min. The Xpress vessels were removed, and 
acid-catalyzed esterification was carried out by adding 
15 mL of 5% acetyl chloride in methanol before heating 
to 120°C over 4 min, which was held at this tempera-
ture for 2 min. To extract FAME, 10 mL of heptane was 
added, and the Xpress vessels were inverted 20 times. 
Furthermore, 20 mL of a saturated sodium chloride solu-
tion was added and similarly inverted. Once separation 
was complete, the top pentane layer was collected and 
aliquoted into amber GC vials containing sodium sulfate 
and stored at −20°C. The FAME were analyzed using 
the Thermo Trace 1600 Series GC (Thermo Fisher Sci-
entific, Waltham, MA) equipped with a flame ionization 
detector. Injections were carried out using a Triplus RSH 
autosampler (Thermo Fisher Scientific, Waltham, MA). 
The injector was a programmable temperature vapor-
izing inlet, held at 250°C with a split of 50:1, and 1 µL 
was injected. The flame ionization detector was held at 
250°C. The FAME were separated on an RT-2560 fused 
silica column, containing nonbonded biscyanopropyl 
polysiloxane phase (100 m × 0.25-mm i.d., 0.2-µm film 
thickness; Thames Restek UK Ltd.). The initial column 
temperature was 60°C held for 5 min, then increased to 
165°C at a rate of 15°C/min and held for 1 min, then 
increased to 225°C at 2°C/min and held for 35 min for 
a total run time of 78 min. The carrier gas was helium 
and held at a constant pressure of 224,769.1 Pa. Using 
the 37-component FAME mix, response factors of each 
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Table 2. Mean air temperature, soil temperature, and total rainfall during 
the experimental period (April to July 2021) compared with the previous 
10-yr average (2011 to 2020)

Item

Month

Apr. May Jun. Jul.

Mean air temperature (°C)        
  2021 7.4 9.8 14.4 17.2
  10-yr average 8.8 11.5 13.9 15.8
Mean soil temperature (°C)        
  2021 9.7 12.5 17.0 20.0
  10-yr average 10.3 13.7 16.5 18.5
Total rainfall (mm)        
  2021 23 131 27 63
  10-yr average 73 63 80 62



Journal of Dairy Science Vol. 108 No. 6, 2025

5972

individual FAME were calculated from the response of 
the C13 FAME peak. These response factors were used 
to quantify each FAME peak using the amount of inter-
nal standard added to the sample. Results are presented 
as g/100 g of FA.

Animal Measurements

Cows were milked twice daily at 0730 h and 1500 h, 
and individual daily milk yields (kg) were recorded us-
ing electronic milk meters (Dairymaster, Causeway, Co. 
Kerry, Ireland). Individual milk fat, crude protein, and 
lactose concentrations were determined weekly from 
successive p.m. and a.m. milk samples using a Milkoscan 
7 RM (Foss Electric, Hillerød, Denmark). Milk FA were 
predicted in accordance with Soyeurt et al. (2011). This 
was performed by the Irish Cattle Breeding Federation 
(Co. Cork, Ireland) using prediction equations developed 
as part of the OptiMIR project (Grelet et al., 2014). Milk 
FA subgroups were calculated similarly to the methods 
of Benoit et al. (2024) for de novo FA, mixed FA, and 
preformed FA. The omega, spreadability, and desatu-
rase indices were calculated as described by Timlin et 
al. (2023). Milk solids (fat [kg] + crude protein [kg]) 
and ECM (Tyrrell and Reid, 1965) were calculated on a 
weekly basis. Body weight was recorded once a week us-
ing an electronic scale and Winweigh software package 
(Tru-Test Limited). Body condition score was recorded 
weekly by 2 trained scorers, using a scale from 1 to 5 

(where 1 = emaciated and 5 = extremely fat) with 0.25 
increments, as described by Edmonson et al. (1989). Dry 
matter intake was estimated on an individual cow basis 
at 2 separate time points (wk 4–5 and 9–10) using the 
n-alkane technique (Mayes et al., 1986) as modified by 
Dillon and Stakelum (1989). All cows were dosed twice 
daily for an 11-d period with a paper bung (Carl Roth, 
GmbH, Karlsruhe, Germany) containing 760 mg of C32-
alkane (n-dotriacontane). Individual fecal samples were 
collected for 5 d before a.m. and p.m. milkings during d 
7 to 11 of the dosing period and stored at −20°C. Fecal 
samples were later thawed and pooled per cow before 
being dried at 40°C until completely dry and milled 
through a 1-mm screen. Herbage samples, representative 
of that consumed by the grazing animals, were harvested 
manually using Gardena hand shears during the 5-d fecal 
collection period. Herbage samples were stored at −20°C 
before being bowl chopped, freeze-dried, and milled 
through a 1-mm screen. Following extraction, the n-
alkane concentrations for feces, herbage, and concentrate 
samples were analyzed by gas chromatography (Varian 
3400 series GC; Dove and Mayes, 2006) using direct sa-
ponification (Dillon, 1993). Intake was estimated based 
on the ratio of naturally occurring tritriacontane (C33) in 
herbage and concentrate compared with the dosed C32 
using the following equation:

Daily herbage DMI = [(Fi/Fj) × (Dj + Is × Sj) − Is × Si] 

/[Pi − (Fi/Fj × Pj)],
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Table 3. Chemical composition (mean ± SD) of pasture and concentrate feed during the 12-wk experiment

Item3

Pasture1

 

Concentrate2

G1 G2 P2 P4 P4S P4F

DM, % 18.7 ± 0.2 19.5 ± 0.4 90.1 ± 0.6 90.2 ± 0.4 89.9 ± 0.3 90.0 ± 0.4
CP, % of DM 21.0 ± 0.6 18.0 ± 2.1 15.3 ± 0.3 15.5 ± 0.3 15.5 ± 0.2 15.0 ± 0.2
NDF, % of DM 36.1 ± 4.2 37.2 ± 2.5 26.2 ± 0.7 29.4 ± 1.6 32.1 ± 1.0 27.5 ± 0.9
ADF, % of DM 18.2 ± 1.0 20.1 ± 0.8 — — — —
Ash, % of DM 8.5 ± 0.5 8.5 ± 1.3 10.6 ± 0.7 9.0 ± 0.1 9.0 ± 0.1 9.0 ± 0.4
Starch, % of DM — — 23.2 ± 0.3 23.5 ± 2.9 19.8 ± 0.0 23.0 ± 0.6
OMD, % of OM 86.0 ± 0.6 83.4 ± 0.6 — — — —
Total FA, % of DM 2.02 ± 0.17 1.74 ± 0.23 2.53 ± 0.36 2.47 ± 0.03 2.58 ± 0.10 5.47 ± 0.17
FA (g/100 g FA)            
  C14:0 0.54 ± 0.07 0.61 ± 0.08 0.56 ± 0.06 0.48 ± 0.08 0.43 ± 0.01 0.75 ± 0.03
  C16:0 24.19 ± 2.06 27.25 ± 2.61 33.71 ± 6.64 27.84 ± 2.00 28.45 ± 1.74 55.83 ± 0.35
  C18:0 3.28 ± 0.28 3.53 ± 0.42 4.78 ± 0.08 4.54 ± 0.21 4.61 ± 0.10 4.49 ± 0.07
  C18:1 6.87 ± 0.94 8.19 ± 1.15 30.86 ± 0.22 33.68 ± 0.83 33.94 ± 0.46 24.84 ± 0.33
  C18:2 9.25 ± 0.59 9.09 ± 0.74 14.25 ± 2.25 18.78 ± 1.68 18.92 ± 1.30 7.16 ± 0.23
  C18:3 39.59 ± 4.21 33.13 ± 4.86 0.96 ± 0.11 1.29 ± 0.10 1.23 ± 0.10 0.49 ± 0.05
  Total SFA 35.73 ± 3.17 40.48 ± 4.13 46.36 ± 4.72 39.52 ± 1.45 39.57 ± 1.48 64.74 ± 0.22
  Total MUFA 8.45 ± 1.11 9.75 ± 1.38 32.94 ± 1.21 35.28 ± 0.61 35.31 ± 0.42 25.54 ± 0.37
  Total PUFA 55.82 ± 4.00 49.77 ± 5.37 20.69 ± 3.51 25.2 ± 2.00 25.12 ± 1.83 9.72 ± 0.20
1G1 = pasture composition wk 1 to 6; G2 = pasture composition wk 7 to 12.
2P2 = 2 kg DM/d feeding rate, standard concentrate supplement; P4 = 4 kg DM/d feeding rate, standard concentrate supplement; P4S = 4 kg DM/d 
feeding rate, concentrate supplement containing sodium hydroxide-treated straw; P4F = 4 kg DM/d feeding rate, concentrate supplement containing a 
calcium salt of fatty acid.
3OMD = organic matter digestibility.
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where Fi, Si, and Pi are the concentrations (mg/kg of 
DM) of odd-chain n-alkanes, and Fj, Sj, and Pj are the 
concentrations (mg/kg of DM) of even-chain n-alkanes 
naturally occurring in feces, concentrates, and herbage, 
respectively: Dj is the daily dosage rate (mg/d) of even-
chain n-alkane, and Is is the daily concentrate intake (kg 
of DM/d). Animal behavior, in the form of feeding, ru-
minating, and resting times, was measured using a 3-axis 
accelerometer in the MooMonitor+ collar device (Dairy-
master, Causeway, Co. Kerry, Ireland). Blood samples 
were collected at 3 time points during the experiment (wk 
5, 8, and 10) immediately after morning milking from the 
coccygeal vessels of cows, using 21-gauge Vacutainer 
needles (Becton Dickson, Plymouth, UK). The blood 
samples were collected into lithium heparin Vacutainer 
tubes. Blood tubes were centrifuged (1,922 × g for 15 
min at 4°C) before plasma harvesting and decanted into 
3.5-mL plasma tubes and stored at −20°C. Blood plasma 
samples were analyzed in duplicate for nonesterified fatty 
acids (NEFA) and BHB concentration using enzymatic 
colorimetry (ELx808 Ultra Microplate Reader; Bio-Tek 
Instruments Inc.). Analysis was performed using the man-
ufacturer’s instructions on the respective commercially 
available kits (NEFA HR-2 kit, Wako Chemicals GmbH, 
Neuss, Germany; RB1008 kit, Randox Laboratories Ltd., 
Crumlin, Co. Antrim, UK). Plasma urea nitrogen analy-
sis was conducted at University College Dublin (Dublin, 
Ireland) using enzymatic tests (UR3825 kit, Randox 
Laboratories Ltd.). Rumen fluid samples were collected 
at 2 separate time points (wk 5 and 10) using a Flora 
Rumen Scoop (Prof-Products, Guelph, Ontario, Canada; 

Geishauser et al., 2012). After collection, the rumen fluid 
was strained through 2 layers of large-pore polyethylene 
cheesecloth (Graytec, GD Textile, Manchester, UK), and 
rumen pH was measured immediately. Subsamples were 
also collected into either an empty 15-mL screw-cap tube 
or a tube containing 2 mL of 500 g/L trichloroacetic acid 
before being snap-frozen in liquid nitrogen and stored at 
−20°C. Samples were subsequently analyzed for rumen 
VFA (Varian CP-3000 GC analyzer, Varian Inc., Palo 
Alto, CA) and ammonia N concentrations (ABX Horiba 
Pentra 400 chemistry analyzer, Horiba-ABX Diagnos-
tics, Kyoto, Japan).

Statistical Analysis

All data were analyzed using a linear mixed effects 
model within the MIXED procedure in SAS version 9.4 
(SAS Institute Inc., Cary, NC, 2002), as follows:

Yijklm = μ + Ti + Wj + TWij + BXki  

+ Pl + Ck + Bm + εijklm,

where Yijklm = dependent variable, μ = intercept, Ti = fixed 
effect of treatment (i = 1 to 5), Wj = fixed effect of week 
(j = 1 to 12), TWij = fixed interaction effect of treatment i 
and week j, BXki = the covariate adjustment for each cow 
k, Pl = fixed effect of parity l, Ck = random effect of cow 
k, Bm = random effect of block m, and εijklm = residual 
error. A first-order autoregressive covariance structure 
was applied to the repeated measurements taken on a 
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Table 4. Effects of concentrate supplement level and type on milk production and composition in early- to mid-lactation grazing dairy cows

Item3

Diet1

SEM

P-value2

P0 P2 P4 P4S P4F Diet Lin Quad

Milk yield, kg/d 22.9d 24.7c 26.1b 26.1b 27.6a 0.45 <0.01 <0.01 0.71
ECM yield, kg/d 26.5c 28.6b 30.0a 30.0a 31.1a 0.45 <0.01 <0.01 0.57
Fat, % 4.41 4.36 4.29 4.23 4.20 0.08 0.32 0.25 0.93
  De novo, g/100 g of fat 26.0bc 26.6b 27.4a 27.4a 25.5c 0.27 <0.01 <0.01 0.83
  Mixed, g/100 g of fat 29.7c 30.4b 31.1a 31.0a 30.2bc 0.21 <0.01 <0.01 0.90
  Preformed, g/100 g of fat 42.4ab 41.2bc 39.8d 40.1cd 42.7a 0.49 <0.01 <0.01 0.76
Protein, % 3.63c 3.66bc 3.74ab 3.75a 3.65c 0.03 0.02 0.01 0.55
Lactose, % 4.83bc 4.81c 4.88ab 4.85abc 4.90a 0.02 0.02 <0.01 0.18
Fat yield, kg/d 1.00c 1.08b 1.11ab 1.10b 1.15a 0.02 <0.01 <0.01 0.38
Protein yield, kg/d 0.83c 0.91b 0.98a 0.97a 1.01a 0.02 <0.01 <0.01 0.85
Lactose yield, kg/d 1.11d 1.19c 1.28b 1.26b 1.36a 0.02 <0.01 <0.01 0.91
Milk solids yield, kg/d 1.83c 1.98b 2.09a 2.08a 2.15a 0.03 <0.01 <0.01 0.55
a–dMeans within row with different superscripts refer to a difference for diet (P ≤ 0.05).
1P0 = pasture-only control; P2 = pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 kg 
DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate supplement containing a calcium salt 
of fatty acids.
2Lin and Quad refer to the pre-planned contrasts included to evaluate the linear and quadratic effects, respectively, of concentrate level (i.e., P0, P2, 
and P4).
3ECM estimated according to Tyrrell and Reid (1965); milk solids = kg of fat + crude protein; de novo = fatty acids C4 to C14; mixed = fatty acids 
C16, C16:1; preformed = fatty acids greater than or equal to C17.
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cow over the 12-wk period. Respective pre-experimental 
variables were applied as covariate measurements for 
analysis. Dry matter intake and blood and rumen metabo-
lites were also analyzed using the MIXED procedure in 
SAS version 9.4. The model included the fixed effects of 
treatment, parity, and sampling time point, as well as the 
random effect of cow. All means were generated using 
the LSMEANS statement. When appropriate, the LSD 
post hoc mean separation test was used to determine dif-
ferences between LSM. Pre-planned contrasts were also 
included to evaluate the linear and quadratic effects of 
concentrate level (i.e., P0, P2, and P4). Statistical sig-
nificance was considered if P ≤ 0.05 and statistical trend 
if 0.05 < P ≤ 0.10.

RESULTS

Climatic conditions in the form of mean air and soil 
temperatures (°C) along with total rainfall (mm) are re-
ported on a monthly basis (April to July 2021) in Table 2.

Pasture Chemical Composition  
and Grazing Management

Pregrazing DM yield during the experimental period 
was 1,564 ± 426 kg DM/ha. Pre- and postgrazing com-
pressed sward heights were 8.61 ± 1.69 and 4.37 ± 0.35 
cm, respectively. Pasture allowance (>4 cm) was 18.0 ± 
5.74 kg DM/cow per day on average across the 12-wk 

experimental period. Pasture chemical composition is 
presented in Table 3 for grazing period 1 (G1; wk 1 to 
6) and grazing period 2 (G2; wk 6 to 12). Pasture CP 
concentration was 19.4% ± 2.4% across the 12-wk ex-
periment; however, variability was observed between 
the 2 grazing periods. Pasture NDF increased from G1 
to G2, peaking during wk 6 (44%), before gradually 
reducing for the remainder of the experiment. Organic 
matter digestibility averaged 84.7% ± 1.4% across the 
experimental period. Organic matter digestibility was 
greater during G1 (peaking at 86.7% in wk 5) compared 
with G2 (low of 82.6% in wk 10). Total FA concentra-
tion reduced (−0.28% of DM) between G1 and G2 with 
a lower proportion of PUFA (−6.05 g/100 g FA) and a 
greater proportion of SFA (+4.75 g/100 g FA) observed. 
Furthermore, C18:3 was reduced (−6.46 g/100 g FA), 
whereas C16:0 and C18:1 increased (+3.06 and +1.32 
g/100 g FA, respectively).

Milk Production and Milk Composition

All milk production variables were affected by diet, 
except for milk fat concentration (Table 4). Increasing 
the concentrate supplementation level (i.e., P0, P2, and 
P4) linearly increased milk yield, ECM yield, fat yield, 
protein yield, lactose yield, and milk solids yield (P < 
0.01). Cows fed P2 and P4 had greater milk fat yield 
(+0.08 and +0.11 kg/cow per day, respectively) com-
pared with cows fed P0 (P < 0.01); however, cows fed 
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Table 5. Effects of concentrate supplement level and type on intake of DM, OM, NDF, and fatty acids in early- to mid-lactation dairy cows grazing 
perennial ryegrass

Item3

Diet1

SEM

P-value2

P0 P2 P4 P4S P4F Diet Lin Quad

Intake, kg/d                  
  Total DM 19.14b 20.38a 21.03a 21.30a 20.79a 0.35 <0.01 <0.01 0.54
  DMI, % of BW 3.90b 4.12a 4.20a 4.15a 4.20a 0.08 0.03 <0.01 0.49
  Pasture DM 18.87a 18.38a 17.03b 17.30b 16.79b 0.35 <0.01 <0.01 0.37
  Supplement DM 0.27 2.00 4.00 4.00 4.00 — — — —
  OM 17.42c 18.57b 19.27ab 19.52a 19.06ab 0.32 <0.01 <0.01 0.60
  NDF 6.66c 6.94bc 7.15ab 7.38a 7.01b 0.12 <0.01 <0.01 0.79
  FA 0.33d 0.37c 0.40b 0.40b 0.50a 0.006 <0.01 <0.01 0.25
    C16:0 0.09d 0.10c 0.11b 0.11b 0.20a 0.007 <0.01 <0.01 0.04
    C18:1 0.03e 0.04d 0.06c 0.06b 0.08a 0.002 <0.01 <0.01 0.12
    SFA 0.12d 0.14c 0.15b 0.15b 0.25a 0.002 <0.01 <0.01 0.02
    MUFA 0.03e 0.05d 0.06c 0.06b 0.08a 0.001 <0.01 <0.01 0.51
    PUFA 0.17b 0.18ab 0.18a 0.19a 0.17b 0.003 0.01 0.04 0.46
FA intake, % of DMI 1.74e 1.83d 1.89c 1.90b 2.46a 0.001 <0.01 <0.01 <0.01
a–eMeans within row with different superscripts refer to a difference for diet (P ≤ 0.05).
1P0 = pasture-only control; P2 = pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 kg 
DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate supplement containing a calcium salt 
of fatty acids.
2Lin and Quad refer to the pre-planned contrasts included to evaluate the linear and quadratic effects, respectively, of concentrate level (i.e., P0, P2, 
and P4).
3Estimated using the n-alkane technique during wk 4–5 and 9–10.
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P2 and P4 were similar to one another (P = 0.14). Cows 
fed P4 had greater proportions of de novo and mixed FA, 
whereas the proportion of preformed FA was lower com-
pared with cows fed P0 and P2 (P < 0.01). Cows fed P4 
had greater milk protein concentrations compared with 
cows fed P0 but were similar to cows fed P2.

At the higher concentrate feeding level (4 kg of DM/
cow per day), changing the concentrate type (i.e., P4, 
P4S, and P4F) affected milk production and composition 
(Table 4). Cows fed P4F had greater milk yield and lac-
tose yield but lower milk protein concentration compared 
with cows fed P4 and P4S. Compared with the P4S diet, 
cows fed the P4F diet had greater milk fat yield (P = 
0.04) and tended to produce greater milk solids yield 
(P = 0.09). Cows fed P4F had lower proportions of de 
novo and mixed FA, as well as greater proportions of 
preformed FA compared with cows fed P4 and P4S (P < 
0.01). There was an effect of concentrate feeding level 
and type on several other milk FA concentrations and 
indices (Supplemental Table S1, see Notes).

DMI, Feeding Behavior, BW, and BCS

The effects of concentrate supplement level and type 
on intake of DM, OM, NDF, and FA are presented in Ta-
ble 5. Cows fed P2 and P4 increased DM and OM intake 
compared with cows fed P0 (P < 0.01); however, cows 
fed P2 and P4 were similar to each other. Accordingly, 
DMI as a percentage of BW was greater for cows fed 
P2 and P4 compared with cows fed P0, but cows fed P2 
and P4 were similar (P = 0.42). Cows fed P4 had lower 
pasture DMI compared with cows fed P0 and P2 (P < 
0.01). The NDF intake of cows fed P4 was greater than 
that of cows fed P0 (P < 0.01) but was similar to cows fed 
P2. Cows fed P0 and P2 had similar NDF intakes. The FA 

intake of cows fed P4 was greatest (400 g/d); cows fed 
P2 were intermediate (370 g/d); and cows fed P0 were 
lowest (330 g/d). A similar effect was observed for the 
intakes of C16:0, C18:1, SFA, and MUFA. The PUFA 
intake of cows fed P4 was greater than that of cows fed 
P0 (P < 0.01) but similar to cows fed P2.

Changing the concentrate type had no effect on the 
intakes of total DM, pasture DM, and OM. Cows fed P4S 
had greater NDF intake compared with cows fed P4F but 
were similar to cows fed P4. Cows fed P4F had greater 
intakes of FA, C16:0, C18:1, SFA, and MUFA compared 
with cows fed P4S and P4. Cows fed P4F had lower 
PUFA intake compared with cows fed P4 and P4S.

Concentrate supplement level or type had no effect on 
BW or BCS across the experimental period (Table 6). 
Similarly, concentrate level or type had no effect on feed-
ing, resting, and ruminating times (Table 6).

Rumen Fermentation Characteristics  
and Blood Metabolites

The effects of concentrate supplement level and type 
on rumen fermentation characteristics and blood me-
tabolites are presented in Tables 7 and 8. No effect of 
diet was detectable for the majority of the rumen fer-
mentation outcomes evaluated. However, concentrate 
supplement type did affect rumen ammonia N concentra-
tion, whereby cows fed P4F had lower rumen ammonia 
N compared with cows fed P4 and P4S. Furthermore, 
concentrate supplement level tended to increase rumen 
propionate concentrations, as cows fed P4 tended to 
have greater propionate concentration than cows fed 
P0 (P = 0.09). Accordingly, cows fed P4 had a lower 
acetate:​propionate ratio compared with cows fed P2 
and P0. Cows fed P0 had greater NEFA concentration 
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Table 6. Effects of concentrate supplement level and type on BW, BCS, feeding, resting, and ruminating times in early- to mid-lactation dairy cows 
grazing perennial ryegrass

Item

Diet1

SEM

P-value2

P0 P2 P4 P4S P4F Diet Lin Quad

BW, kg 510 511 515 522 520 5.4 0.40 0.58 0.78
  BW change, kg/wk 1.41 1.36 1.68 2.06 1.18 0.50 0.74 0.80 0.89
BCS 3.03 2.99 3.06 3.00 3.02 0.03 0.45 0.34 0.09
  BCS change in score per week 0.002 0.002 0.003 0.006 0.005 0.005 0.95 0.95 0.84
Feeding time, min/d 628 615 608 613 612 14.2 0.85 0.22 0.83
Resting time, min/d 293 307 306 299 283 16.3 0.79 0.56 0.72
Ruminating time, min/d 464 471 466 464 462 16.3 0.99 0.84 0.72
Ruminating time, min/kg of OM per day 26 26 25 24 24 0.9 0.34 0.23 0.94
Ruminating time, min/kg of NDF per day 69 69 67 64 67 2.5 0.53 0.59 0.77
1P0 = pasture-only control; P2 = pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 kg 
DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate supplement containing a calcium salt 
of fatty acids.
2Lin and Quad refer to the pre-planned contrasts included to evaluate the linear and quadratic effects, respectively, of concentrate level (i.e., P0, P2, 
and P4).
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compared with cows fed P2 and P4 (P < 0.01). Changing 
the concentrate type had no effect on NEFA concentra-
tions. Finally, there was no effect of diet on plasma urea 
nitrogen or BHB concentrations.

DISCUSSION

The economic viability of pasture-based production 
systems relies on the production of milk with high fat 
and protein concentrations using low-cost fed sources 
(Dillon et al., 2005). During late spring to early summer, 
milk fat concentrations can reduce, leading to concern on 
behalf of the producer, lower overall profitability, and a 
greater environmental footprint per kilogram of fat- and 
protein-corrected milk. This experiment investigated 
the effect of several nutritional factors on the milk fat 
production of pasture-fed lactating dairy cows during the 
high-risk period for reduced milk fat synthesis.

Milk Production and Milk Composition

Increasing the level of concentrate supplementation 
in the current experiment had no effect on milk fat 
concentration. Therefore, our first hypothesis was not 
supported. In a review of concentrate supplementation 
of pasture-based diets, Bargo et al. (2003) observed a 
negative association among concentrate intake and milk 
fat concentration. However, in that review, the major-
ity of concentrate supplements contained high levels of 
starch-based ingredients. Rugoho et al. (2017) demon-

strated that supplementing pasture-fed cows with 4 kg 
DM/d of a wheat and corn grain-based concentrate led 
to reduction in milk fat concentration and yield. The 
authors attributed this reduction to altered biohydro-
genation of FA, possibly driven by low rumen pH. In 
the current experiment, an industry-standard concen-
trate was used to investigate the effect of concentrate 
supplementation level on milk fat concentration. The 
industry-standard concentrate contained more moderate 
starch (~23% of DM) and higher NDF concentrations 
(~27.5% of DM) compared with previous investigations 
(Bargo et al., 2003; Rugoho et al., 2017). These attri-
butes of lower starch and greater NDF concentrations 
in the concentrate supplement might have alleviated 
the effect of concentrate supplementation on milk fat 
concentration that is typically observed (Bargo et al., 
2003). In the current experiment, there was no effect of 
concentrate supplement level on rumen pH, suggesting 
that the industry-standard concentrate may not have sub-
stantially altered the rumen environment. It is important 
to highlight that the rumen pH data were obtained using 
a trans-esophageal rumen sampling device and were col-
lected at 2 specific time points during the experiment. 
The trans-esophageal rumen sampling method has 
been demonstrated to contain some measurement bias 
(Geishauser and Gitzel, 1996; Duffield et al., 2004), and, 
therefore, care is advised when interpreting the current 
rumen pH data. The level of concentrate supplementa-
tion investigated in the current experiment (i.e., up to 
4 kg DM/cow) might also have been too low to affect 
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Table 7. Effects of concentrate supplement level and type on rumen pH and concentrations of rumen ammonia N and VFA in early- to mid-lactation 
dairy cows grazing perennial ryegrass

Item3

Diet1

SEM

P-value2

P0 P2 P4 P4S P4F Diet Lin Quad

Rumen pH 6.25 6.14 6.07 6.16 6.21 0.07 0.33 0.07 0.80
Ammonia N, mg/dL 7.0a 7.4a 7.7a 7.3a 5.8b 0.36 <0.01 0.14 0.93
VFA concentration, mmol                  
  Total VFA 134.2 142.9 147.9 146.5 143.8 5.39 0.40 0.06 0.77
  Acetate 86.1 92.4 93.9 94.0 92.0 3.51 0.47 0.09 0.56
  Propionate 29.4x 30.7xy 34.0y 32.7xy 32.6xy 1.30 0.09 0.01 0.52
  Butyrate 15.5 16.3 16.2 16.3 15.7 0.70 0.88 0.48 0.53
  Isobutyrate 0.8 0.8 0.8 0.8 0.7 0.03 0.42 0.28 0.89
  Valerate 1.4 1.6 1.7 1.6 1.7 0.13 0.57 0.11 0.84
  Isovalerate 1.1 1.1 1.1 1.1 1.1 0.05 0.80 0.18 0.92
  Acetate:​propionate ratio 2.9ab 2.9a 2.7c 2.8abc 2.8bc 0.05 0.02 0.04 0.03
  SCFA 3.2 3.5 3.7 3.5 3.5 0.18 0.56 0.06 0.88
a–cMeans within row with different superscripts refer to a difference for diet (P ≤ 0.05).
x,yMeans within row with different superscripts refer to a tendency to differ for diet (0.05 > P > 0.1).
1P0 = pasture-only control; P2 = pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 kg 
DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate supplement containing a calcium salt 
of fatty acids.
2Lin and Quad refer to the pre-planned contrasts included to evaluate the linear and quadratic effects, respectively, of concentrate level (i.e., P0, P2, 
and P4).
3SCFA = short-chain fatty acids.
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milk fat concentration. However, other experiments at 
similar concentrate supplementation levels with high-
starch ingredients have observed reductions in milk fat 
concentration (Delaby et al., 2001; McKay et al., 2019).

Although concentrate supplementation level had no ef-
fect on milk fat concentration in the current experiment, 
a linear increase in milk fat yield occurred. A milk fat 
yield response to supplementation (calculated as the dif-
ference in milk fat production between non-supplement 
and supplemented treatments, divided by the DMI of 
concentrate supplement) of +0.04 and +0.03 kg of milk 
fat/kg of concentrate DM was observed for cows fed P2 
and P4, respectively. These responses are slightly greater 
than the +0.02 kg of fat/kg of concentrate DM observed 
by McEvoy et al. (2008) but within the range (+0.02 to 
+0.07 kg fat/kg concentrate DM) observed by Kennedy et 
al. (2008). Similar to milk fat yield, concentrate supple-
mentation level increased milk yield, ECM yield, milk 
protein concentration, milk protein yield, and milk solids 
yield. The milk yield response to concentrate supplemen-
tation was + 0.9 and +0.8 kg milk/kg concentrate DM for 
P2 and P4, respectively. This was lower than the average 
of 1 kg milk/kg concentrate DM reported by Bargo et 
al. (2003). Although these outcomes will increase milk 
revenue, consideration is required as to whether over-
all profitability is increased in pasture-based systems 
(Ramsbottom et al., 2015).

At the higher concentrate feeding level (i.e., 4 kg 
DM/cow), partial replacement of barley with sodium 
hydroxide-treated straw (P4S) or CaFA (P4F) did not 
affect milk fat concentration. Therefore, our second 
hypothesis was also not supported. The objective of 
the inclusion of sodium hydroxide-treated straw was to 
increase NDF and reduce the starch concentrations of 
the concentrate supplement. As discussed previously, 
the industry-standard concentrate base formulation (P4) 
might already have been an optimal chemical composi-
tion to maintain milk fat concentrations (Rustomo et al., 

2006). In addition, the pasture offered as part of the basal 
diet might also have had sufficient NDF concentrations 
to maintain milk fat concentration. Although Rivero 
and Anrique (2015) and Carty et al. (2017) suggested 
that late-spring to early-summer pastures might be de-
ficient in NDF concentration, in the current experiment 
adequate pasture NDF concentrations greater than 35% 
were observed (Stockdale et al., 1987). This is in agree-
ment with McEvoy et al. (2009), who noted sufficient 
dietary NDF to support normal rumen function and to 
maintain milk fat concentration across their experiment. 
Furthermore, Heffernan et al. (2024) reported sufficient 
concentrations of pasture NDF (>35%) across a range 
of herbage masses spanning the high-risk period for re-
duced milk fat synthesis. It is important to consider that 
a lack of an effect on milk fat concentration might also 
have been due to the relatively low partial replacement 
of starch with sodium hydroxide-treated straw (i.e., 100 
g/kg replacement; 400 g DM/d). However, the practical-
ity and cost implications of including higher quantities 
within a pasture-based system are challenging. Overall, 
the partial replacement of barley with sodium hydrox-
ide-treated straw did not affect any milk production or 
milk composition outcomes. Within the conditions of the 
current experiment, sodium hydroxide-treated straw can 
replace barley while maintaining animal performance.

In the current experiment, partial replacement of 
barley with CaFA did not affect milk fat concentration. 
Freeman and Kirkland (2015) fed a quantity of a CaFA 
similar to the current experiment and also found no ef-
fect on milk fat concentration. In contrast, Garnsworthy 
(1990) demonstrated that when CaFA are included in 
the concentrate supplement fed to grazing dairy cows, 
milk fat concentration is increased. However, in that 
experiment, CaFA were included at 125 g/kg of the con-
centrate supplement (as opposed to 50 g/kg in the cur-
rent experiment). In experiments where cows consumed 
indoor diets, mixed results have also been observed for 
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Table 8. Effect of concentrate supplement level and type on PUN, NEFA and BHB concentrations of early to mid-lactation dairy cows grazing 
perennial ryegrass

Item3

Diet1

SEM

P-value2

P0 P2 P4 P4S P4F Diet Lin Quad

PUN, mg/dL 10.29 10.75 11.45 11.33 10.29 0.41 0.10 0.04 0.80
NEFA, mmol/L 0.29a 0.25b 0.22bc 0.18c 0.20bc 0.02 <0.01 0.02 0.74
BHB, mmol/L 0.52 0.59 0.53 0.59 0.58 0.03 0.12 0.79 0.06
a–cMeans within row with different superscripts refer to a difference for diet (P ≤ 0.05).
1P0 = pasture-only control; P2 = pasture + 2 kg DM concentrate supplement; P4 = pasture + 4 kg DM concentrate supplement; P4S = pasture + 4 kg 
DM concentrate supplement containing sodium hydroxide-treated straw; P4F = pasture + 4 kg DM concentrate supplement containing a calcium salt 
of fatty acids.
2Lin and Quad refer to the pre-planned contrasts included to evaluate the linear and quadratic effects, respectively, of concentrate level (i.e., P0, P2, 
and P4).
3PUN = plasma urea nitrogen; NEFA = nonesterified fatty acids.
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the effect of FA supplementation on milk fat concentra-
tion. Lock and Van Amburgh (2012) suggested that the 
effect can be dependent on the specific FA composition 
and the amount of FA supplementation. Palmitic acid, in 
particular, has been shown to increase milk fat concen-
tration and yield (de Souza and Lock, 2018); however, 
Shepardson and Harvatine (2021) demonstrated that the 
response is dependent on the inclusion level of palmitic 
acid. For cows fed a basal diet of elephant grass and 
8 kg of concentrate DM/cow per day, de Souza et al. 
(2017) demonstrated that the addition of calcium salts 
of soybean fatty acids reduced milk fat concentration, 
whereas supplementation with calcium salts of palm 
fatty acids maintained milk fat concentration. In the 
current experiment, the FA composition of the calcium 
salts of palm fatty acid distillate was 58% palmitic acid, 
28% oleic acid, 6% linoleic acid, 5% stearic acid, and 
3% others. Further experiments to evaluate whether FA 
supplements with higher palmitic acid concentrations 
can increase the milk fat concentrations from pasture-
fed cows are warranted.

Partial replacement of barley with CaFA increased 
milk yield and tended to increase milk solids yield; how-
ever, reduced milk protein concentration was observed. 
These findings are generally in agreement with previous 
experiments investigating the supplementation of CaFA 
to pasture-fed cows (Erickson et al., 1989; Freeman and 
Kirkland, 2015; de Souza et al., 2017) and with a recent 
review by dos Santos Neto et al. (2021). The increased 
milk yield is likely due to an increase in total energy 
intake (Rico et al., 2015; de Souza and Lock, 2018). It 
is difficult to describe the mechanisms involved in the 
reduction in milk protein concentration. Western et al. 
(2020) also observed a reduction in milk protein con-
centration, whereas de Souza et al. (2021) observed a 
tendency for increased milk protein concentration and a 
significant increase in milk protein yield. In the current 
experiment, the reduced milk protein concentration could 
be linked to the lower rumen ammonia N concentrations 
observed in cows fed P4F. Overall, the equivocal effects 
of FA supplementation on pasture-fed cows warrants 
further investigation to understand the suitability of such 
ingredients in pasture-based systems.

DMI and Substitution Rate

Bargo et al. (2003) reported that cows fed concentrate 
supplement increase their DMI by 24% (across a range 
of 1.8 to 10 kg of concentrate/cow per day) compared 
with cows fed a pasture-only diet. In the current ex-
periment, cows fed P2 and P4 increased DMI by 6% 
and 10%, respectively, compared with cows fed P0. 
Although concentrate supplementation can lead to in-
creased DMI, a reduction in pasture DMI is often ob-

served, with Bargo et al. (2003) reporting a reduction in 
pasture DMI of 13% when cows were offered concen-
trate supplementation. In the current experiment, cows 
fed P4 reduced pasture DMI by 10% compared with 
cows fed P0; however, cows fed P2 had similar pasture 
DMI compared with cows fed P0. These findings are in 
agreement with Dillon et al. (1997) and McEvoy et al. 
(2008), who both observed reduced pasture DMI only 
at higher concentrate feeding levels. The reduction in 
pasture DMI relative to the amount of concentrate DMI 
can be defined as the substitution rate (Kellaway and 
Porta 1993). Although pasture DMI was not statistically 
lower when cows were fed P2 compared with cows fed 
P0, a substitution rate of 0.24 kg of pasture DM per 
kilogram of concentrate DM was observed. When the 
concentrate feeding level was increased, in the cur-
rent experiment, the substitution rate increased to 0.45 
kg of pasture DM per kilogram of concentrate DM. A 
negative relationship exists between substitution rate 
and milk yield response, with a greater substitution 
rate ultimately leading to lower increases in DMI and a 
lower milk yield response. These responses to concen-
trate supplementation could explain, at least in part, the 
numerically reducing milk yield response in the current 
experiment when concentrate supplementation level 
was increased. Interestingly, cows fed concentrates had 
lower NEFA concentrations compared with cows fed the 
pasture-only diet. This could be due to a greater DMI 
being achieved and potentially greater energy parti-
tioning toward maintaining body adipose tissue stores; 
however, no effect on BCS was observed.

Increasing the level of concentrate supplementation 
in the current experiment linearly increased the intakes 
of FA, C16:0, C18:1, SFA, and MUFA. In addition, the 
intake of PUFA was greater for cows fed P4 compared 
with cows fed P0 but similar to that of cows fed P2. 
Concentrate supplements typically have greater con-
centrations of linoleic FA compared with pasture (Elg-
ersma, 2015), and, when combined with greater intake 
of rapidly fermentable carbohydrates, this could lead 
to a reduction in milk fat synthesis (Harvatine and Al-
len, 2006). During periods of altered rumen function 
(e.g., low rumen pH), the incomplete biohydrogenation 
of linoleic FA can create bioactive isomers (trans-
10,cis-12 CLA) that can downregulate milk fat synthe-
sis (Palmquist and Jenkins 2017). Although cows fed P4 
had greater FA and PUFA intakes compared with cows 
fed P0, there was no effect on milk fat concentration. 
This was likely due to the stable rumen environment 
(i.e., similar rumen pH and total VFA concentrations) 
observed across the concentrate feeding levels in the 
current experiment. This emphasizes the importance of 
identifying the optimal concentrate formulation strate-
gy to effectively supplement pasture-based diets, which 
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can have moderate to high concentrations of FA with 
rapid FA availability (Glasser et al., 2013).

Partial replacement of barley with sodium hydroxide-
treated straw or CaFA did not affect DM, OM, or NDF 
intake. Although cows fed P4F did not have greater DMI 
than cows fed P4, they did have greater FA intake, lead-
ing to greater energy density of the diet (Bargo et al., 
2003; Schroeder et al., 2004). This is the likely mecha-
nism for cows fed P4F to have greater milk yield than 
cows fed P4. A further mechanism that could be respon-
sible for the increased milk yield is the reduced de novo 
FA synthesis and increased preformed FA incorporation 
into milk when cows were fed P4F, which de Souza et al. 
(2017) discussed as being a more energetically favorable 
process. Nonetheless, the increased animal performance 
achieved in the current experiment when cows were sup-
plemented with CaFA was modest and raises the question 
surrounding the economic suitability of such ingredients 
in pasture-based systems.

Environmental factors such as circadian rhythms 
have recently been associated with fluctuations in milk 
fat concentration (Salfer et al., 2019). Consistent an-
nual patterns in milk composition have been observed 
within non-seasonal calving systems, with the highest 
milk fat concentration occurring during winter and the 
lowest during summer. Salfer et al. (2019) reported a 
range in milk fat concentration amplitude (i.e., peak to 
mean) from 0.07% to 0.14%, with an increase in am-
plitude at greater latitudes. Due to Ireland’s relatively 
high latitude, further research should investigate the 
possible association of environmental factors and milk 
fat concentration during the high-risk period of reduced 
milk fat synthesis.

CONCLUSIONS

Within pasture-based systems, milk fat concentration 
appears to be consistently reduced during late spring and 
early summer. This provides an opportunity to increase 
the economic and environmental sustainability of pasture-
based systems. In the current experiment, increasing con-
centrate supplement level or partial replacement of barley 
with either sodium hydroxide-treated straw or CaFA did 
not affect the milk fat concentration of early- to mid-
lactation grazing dairy cows. Increasing the concentrate 
supplement level did increase milk fat yield, as well as 
milk yield, ECM yield, milk protein concentration, milk 
protein yield, and milk solids yield. Partial replacement 
of barley with CaFA increased milk yield. Overall, other 
nutritional factors (e.g., increasing the saturation of FA 
ingredients) and non-nutritional factors (e.g., genetics, 
day length) should be explored to determine the mecha-
nisms that reduce milk fat concentration in pasture-based 
systems during the high-risk period.
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