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  ABSTRACT 

  The effects of palmitic acid supplementation on feed 
intake, digestibility, and metabolic and production re-
sponses were evaluated in dairy cows with a wide range 
of milk production (34.5 to 66.2 kg/d) in a crossover 
design experiment with a covariate period. Thirty-two 
multiparous Holstein cows (151 ± 66 d in milk) were 
randomly assigned to treatment sequence within level of 
milk production. Treatments were diets supplemented 
(2% of diet DM) with palmitic acid (PA; 99% C16:0) 
or control (SH; soyhulls). Treatment periods were 21 d, 
with the final 4 d used for data and sample collection. 
Immediately before the first treatment period, cows 
were fed the control diet for 21 d and baseline val-
ues were obtained for all variables (covariate period). 
Milk production measured during the covariate period 
(preliminary milk yield) was used as covariate. In gen-
eral, no interactions were detected between treatment 
and preliminary milk yield for the response variables 
measured. The PA treatment increased milk fat per-
centage (3.40 vs. 3.29%) and yields of milk (46.0 vs. 
44.9 kg/d), milk fat (1.53 vs. 1.45 kg/d), and 3.5% 
fat-corrected milk (44.6 vs. 42.9 kg/d), compared with 
SH. Concentrations and yields of protein and lactose 
were not affected by treatment. The PA treatment did 
not affect dry matter (DM) intake or body weight, 
tended to decrease body condition score (2.93 vs. 2.99), 
and increased feed efficiency (3.5% fat-corrected milk/
DM intake; 1.60 vs. 1.54), compared with SH. The PA 
treatment increased total-tract digestibility of neutral 
detergent fiber (39.0 vs. 35.7%) and organic matter 
(67.9 vs. 66.2%), but decreased fatty acid (FA) digest-
ibility (61.2 vs. 71.3%). As total FA intake increased, 
total FA digestibility decreased (R2 = 0.51) and total 
FA absorbed increased (quadratic R2 = 0.82). Fatty 
acid yield response, calculated as the additional FA 
yield secreted in milk per unit of additional FA intake, 
was 11.7% for total FA and 16.5% for C16:0 plus cis-9 
C16:1 FA. The PA treatment increased plasma concen-

tration of nonesterified FA (101 vs. 90.0 μEq/L) and 
cholecystokinin (19.7 vs. 17.6 pmol/L), and tended to 
increase plasma concentration of insulin (10.7 vs. 9.57 
μIU/mL). Results show that palmitic acid fed at 2% 
of diet DM has the potential to increase yields of milk 
and milk fat, independent of production level without 
increasing body condition score or body weight. How-
ever, a small percentage of the supplemented FA was 
partitioned to milk. 
  Key words:    palmitic acid ,  production level ,  milk fat , 
 fat supplementation 

  INTRODUCTION 

  Long-chain saturated fat supplements have been 
used to increase the energy density of diets (Wang et 
al., 2010) and milk fat yield (Steele and Moore, 1968; 
Steele, 1969; Wang et al., 2010) in dairy cows and have 
been reported to increase feed efficiency (Wang et al., 
2010; Lock et al., 2013) and milk yield (Steele, 1969; 
Enjalbert et al., 2000). Moreover, they are considered 
to be inert in the rumen (Grummer, 1988; Schauff and 
Clark, 1989), and have little effect on DMI (Allen, 2000) 
and nutrient digestibility (Grummer, 1988; Schauff and 
Clark, 1989; Elliott et al., 1996). However, production 
responses to highly saturated fats (>85% saturated) 
have varied greatly. For instance, supplementation of 
a highly saturated fat fed at 1.5 to 2% of diet DM had 
various effects on productive performance compared 
with a control diet with no fat added: increasing milk 
yield by 3.1 kg/d (Mosley et al., 2007) and 2.2 kg/d 
(Wang et al., 2010), or not affecting milk yield (Lock et 
al., 2013); increasing fat yield by 286 g/d (Mosley et al., 
2007) and 90 g/d (Lock et al., 2013), or not affecting 
fat yield (Warntjes et al., 2008); and increasing DMI 
by 3.1 kg/d (Mosley et al., 2007), not affecting DMI 
(Wang et al., 2010), or decreasing DMI by 1.4 kg/d 
(Lock et al., 2013). 

  Variability across experiments could be due to the 
level of milk production of the cows used. Harvatine 
and Allen (2005) showed that milk protein yield was 
increased to a greater extent for high-producing cows 
than lower-producing cows for saturated compared 
with unsaturated FA supplements. Furthermore, early-
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lactation cows with lower milk yield responded more 
favorably to the dietary inclusion of a highly saturated 
fat supplement than cows with higher milk production 
in a field study (Warntjes et al., 2008). Variability 
across experiments could also be related to the use of 
different types of fat supplements and rates of feeding. 
Fat supplements vary in FA chain lengths and degree 
of esterification and in their feeding rates, which vary 
widely from less than 2% (Wang et al., 2010) to greater 
than 5% of diet DM (Mosley et al., 2007) across ex-
periments. In addition, the substitution method might 
also affect production responses if the supplement is 
added in place of a source of glucose precursors such 
as corn (Wang et al., 2010), a fermentable fiber source 
such as soyhulls (Lock et al., 2013), or the base diet 
(Mosley et al., 2007). Because of inconsistent responses 
to feeding saturated fats, it is currently not clear when 
these supplements should be fed and whether their use 
can increase production and feed efficiency of cows and 
profitability of dairy farms.

To identify the effects of specific FA on dairy cow 
performance, studies involving the use of pure FA are 
required. Palmitic acid is an SFA that is commonly 
found in many different saturated fat supplements and 
dairy cow feedstuffs. Although several studies have been 
reported with fat sources containing approximately 85% 
palmitic acid, the remaining FA might have influenced 
responses to treatment, so studies with pure FA are re-
quired. Steele and Moore (1968) evaluated a pure (96%) 
palmitic acid supplement on production responses for 
cows in mid lactation but the milk yield of the cows was 
low (~12 kg/d) and responses measured were limited. 
To our knowledge, no studies exist that have evaluated 
the effects of supplementation of a pure palmitic acid 
supplement on digestion and metabolic and production 
responses in lactating dairy cows or how responses vary 
with level of milk production. The objectives of this 
experiment were to evaluate the effects of palmitic acid 
supplementation and its interaction with level of milk 
production on digestion, metabolism, and production 
of lactating dairy cows. We hypothesized that a pal-
mitic acid-enriched supplement compared with soyhulls 
would increase milk yield, milk fat yield, and feed ef-
ficiency of dairy cows and that responses would differ 
across production levels.

MATERIALS AND METHODS

Animal Housing and Care

All experimental procedures were approved by the 
Institutional Animal Care and Use Committee at 
Michigan State University (East Lansing). All cows 
were housed in the same tie-stall throughout the entire 

experiment. Cows were fed once daily (0800 h) at 110% 
of expected intake and milked twice daily (0400 and 
1500 h). The amounts of feed offered and orts were 
weighed for each cow daily.

Design and Treatment Diets

Thirty-two multiparous Holstein cows (151 ± 66 
DIM; mean ± SD) at the Michigan State University 
Dairy Field Laboratory were used in a crossover design 
experiment with a covariate period. Cows were selected 
from the herd to provide a uniform distribution and a 
wide range of milk yield (34.5 to 66.2 kg/d). Cows were 
randomly assigned to treatment sequence within levels 
of milk production varying by approximately 5 kg/d. 
The experiment was 63 d in duration and consisted of a 
21-d preliminary (covariate) period and two 21-d treat-
ment periods. During the preliminary period, cows were 
fed the control diet and baseline values were obtained 
for all variables (Table 1). During the first treatment 
period, half of the cows were fed the control diet (SH) 
with no supplemental fat added, whereas the remain-
ing cows were fed the palmitic acid-supplemented diet 
(PA; prilled FFA supplement: 99% C16:0; Emery 
Oleochemicals, Selangor, Malaysia). The palmitic acid 
supplement was added at 2% of diet DM, replacing 2% 
of soyhulls in the control diet. Diets were switched for 
the second treatment period. The ingredient and nutri-
ent composition of the diets fed as TMR are described 
in Table 2. Diets were formulated to meet requirements 
of the average cow in the group according to NRC 
(2001).

Data and Sample Collection

Samples and data were collected during the last 4 d 
of the second week of the covariate period (d 11 to 15) 
and during the last 4 d of each treatment period (d 
18 to 21). Samples of all diet ingredients (0.5 kg) and 
orts from each cow (12.5%) were collected daily and 
composited by period. Milk yield was recorded and 2 
milk samples were collected at each milking. One milk 
sample was stored without preservative at −20°C for 
determination of FA profile and the other was stored 
with preservative at 4°C for component analysis (Uni-
versal Lab Services, East Lansing, MI). Fecal (500 g) 
and blood samples (~15 mL) were collected every 15 
h, resulting in 8 samples per cow per period, represent-
ing every 3 h of a 24-h period to account for diurnal 
variation. Feces were stored in a sealed plastic cup at 
−20°C until dried. Blood was collected by coccygeal 
venipuncture into 3 evacuated tubes; 2 contained 
potassium EDTA as an anticoagulant and the other 
contained potassium oxalate as an anticoagulant and 
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sodium fluoride as a glycolytic inhibitor. Blood was 
stored on ice until centrifugation at 2,000 × g for 
15 min at 4°C (within 30 min of sample collection). 
Two aliquots (1 mL) of plasma from the potassium 
EDTA tube were stored in 0.05 M benzamidine (final 
concentration) to prevent enzymatic degradation of 
glucagon or cholecystokinin (CCK). The remaining 
plasma was transferred into microcentrifuge tubes and 
stored at −20°C until composited by cow by period. 
Body weight and BCS were recorded at the end of 
each period. Body condition was scored by 3 trained 
investigators on a 5-point scale, where 1 = thin and 
5 = fat (in 0.25-point increments), as described by 
Wildman et al. (1982).

Glucose and Insulin Tolerance Tests

Glucose and insulin tolerance tests were performed 
during the last week of the covariate period to further 
characterize the physiological state of individual cows. 
Cows were divided into 2 groups of 16 cows each for 
catheterization and tolerance tests to provide a 2-d 
resting period between procedures. The glucose toler-
ance test (GTT) was conducted according to Bradford 
and Allen (2007) on d 18 and 19 and the insulin toler-
ance test (ITT) was conducted according to Smith et 
al. (2007) on d 20 and 21. All cows were fitted with a 
single jugular catheter 2 d before the GTT. Indwelling 
14-gauge × 13-cm radiopaque polyurethane extended-

Table 1. Baseline data for cows used in this study, obtained during the preliminary period when cows were 
fed a common diet (n = 32) 

Parameter Mean SD Minimum Maximum

Yield, kg/d
 Milk 48.3 9.39 31.3 64.6
 Fat 1.49 0.31 0.72 2.14
 Protein 1.46 0.22 1.01 1.84
 Lactose 2.34 0.49 1.46 3.17
 3.5% FCM 45.1 8.04 30.3 60.0
 ECM 45.5 7.69 31.7 59.1
Milk composition, %
 Fat 3.14 0.58 1.68 4.05
 Protein 3.05 0.20 2.73 3.71
 Lactose 4.83 0.16 4.36 5.08
SCC, ×1,000/mL 44.5 77.4 1.93 363
DMI, kg 28.0 3.34 20.9 34.3
3.5% FCM/DMI 1.61 0.18 1.30 2.01
BW, kg 702 74.6 556 902
BCS 2.90 0.81 1.92 4.67
Total-tract digestibility, %
 DM 62.5 3.04 56.1 68.3
 OM 64.8 2.86 59.1 70.1
 NDF 36.2 6.24 22.6 49.1
 CP 61.9 3.82 53.3 66.5
 Starch 96.2 0.95 93.6 98.2
Plasma metabolites and hormones
 Insulin, μIU/mL 11.1 4.40 4.08 24.8
 Glucagon, pg/mL 147 16.9 114 191
 Insulin:glucagon ratio 0.076 0.030 0.027 0.165
 Glucose, mg/dL 55.9 2.55 52.0 63.0
 NEFA, μEq/L 107 21.4 82.2 155.9
 Triglyceride, mg/dL 9.77 1.22 7.31 12.7
Glucose tolerance test
 Glucose baseline, mg/dL 59.9 2.65 55.4 67.5
 Maximum glucose,1 mg/dL 232 64.5 170 430
 Glucose area under the curve1 421 83.8 274 601
 Insulin baseline, μIU/mL 4.04 1.44 3.05 9.53
 Maximum insulin,1 μIU/mL 44.8 16.3 19.8 89.8
 Insulin area under the curve1 118 51.8 26.8 248
Insulin tolerance test
 Glucose baseline, mg/dL 59.2 3.05 54.1 64.8
 Minimum glucose, mg/dL 40.1 5.82 21.5 48.6
 Glucose area under the curve −115 50.2 −249 −26.8
 Insulin baseline, μIU/mL 3.72 1.24 3.01 8.86
 Maximum insulin,1 μIU/mL 325 306 76.0 1,446
 Insulin area under the curve1 528 342 217 1,650
1n = 31.
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use catheters were used for infusions and blood collec-
tion. Catheter patency was checked daily with 10 mL 
of heparinized saline (20 IU of heparin/mL of saline) 
until removed after the ITT. On the day of the GTT 
and ITT, cows were blocked from feed at 0730 h and 
not allowed access until the tests were completed. For 
the GTT, a sterile solution of 50% dextrose (wt/vol) 
was administered by intrajugular bolus at a dose of 
1.67 mmol of glucose/kg of BW within 8 min. For the 
ITT, insulin (product no. I5500; Sigma-Aldrich, St. 
Louis, MO) was infused at a dose of 1.2 μg of insulin/
kg of BW within 1 min. Catheters were flushed with 
5 to 10 mL of heparinized saline (4 IU of heparin/mL 
of saline) after infusions and after blood collections. 
Samples were processed as described above, within 1 h 
of collection.

Sample Analysis

Feed, orts, and fecal samples were dried in a 55°C 
forced-air oven for 72 h and analyzed for DM concen-
tration. All samples were ground in a Wiley mill (1-mm 
screen; Arthur H Thomas Co., Philadelphia, PA) and 
analyzed for ash, NDF, indigestible NDF, CP, starch, 
and FA. Feces were composited on an equal DM basis 

by cow by period before analysis. All nutrients are ex-
pressed as percentages of DM, determined by drying 
at 105°C in a forced-air oven for more than 8 h. Ash 
concentration was determined after 5 h of oxidation at 
500°C. Concentration of NDF was determined accord-
ing to Mertens (2002). Indigestible NDF, which was 
used as an internal marker to estimate fecal output 
and nutrient digestibility (Cochran et al., 1986), was 
estimated as NDF residue after 240 h in vitro fermenta-
tion (Goering and Van Soest, 1970); flasks were rein-
oculated at 120 h to ensure a viable microbial popula-
tion. Ruminal fluid for the in vitro incubations was 
collected from a nonpregnant dry cow fed dry hay only. 
Crude protein was determined according to Hach et al. 
(1987). Starch was gelatinized with sodium hydroxide 
and hydrolyzed using an enzymatic method (Karkalas, 
1985); glucose was then measured using a glucose oxi-
dase method (PGO Enzyme Product No. P7119; Sigma 
Chemical Co., St. Louis, MO) and by determination 
of absorbance with a microplate reader (SpectraMax 
190; Molecular Devices Corp., Sunnyvale, CA). Fatty 
acids from feed ingredients and orts were determined 
using a one-step transesterification method, according 
to Sukhija and Palmquist (1988). Briefly, 1 mg of cis-10 
C17:1, diluted in acetone, was added to the oven-dried 
ground samples (sample weight chosen to provide 10 
to 50 mg of FA) to calculate total FA yield. Fatty acid 
methyl esters (FAME) were then prepared by adding 2 
mL of 5% methanolic sulfuric acid to the samples. After 
samples were incubated overnight at 50°C, they were 
allowed to cool down and neutralized with a 5% sodium 
chloride solution. Fatty acids from feces were extracted 
with a 2-step methylation procedure, as described by 
Jenkins (2010). An internal standard (cis-10 C17:1) 
was added to the oven-dried ground fecal samples as 
described above for feed ingredients and orts. Fatty 
acid methyl esters from feed ingredients, orts, and feces 
were extracted with hexane and filtered through silica 
gel and charcoal. Hexane was evaporated under N2 at 
30°C, FAME were weighed, and samples reconstituted 
in hexane to obtain a 1% solution. Fatty acid methyl 
esters were quantified by gas-liquid chromatography 
(GC-2010 Plus; Shimadzu Corp., Kyoto, Japan), using a 
CP-8827 WCOT fused silica column (30-m long × 0.32-
mm i.d. × 0.025-μm film thickness; Varian Inc., Lake 
Forest, CA). The chromatograph was equipped with a 
split injector (1:100 split ratio) and a flame-ionization 
detector. Hydrogen was used as the carrier gas at a flow 
rate of 1 mL/min and for the flame-ionization detector 
at 40 mL/min. Purified air was used at a flow rate of 
400 mL/min and nitrogen makeup gas at 30 mL/min. 
Injector and detector temperatures were kept at 270°C. 
Initially, the oven temperature was 140°C for 1 min, 
after which it was increased by 5°C/min to 225°C and 

Table 2. Ingredient and nutrient composition of the treatment diets1 

Item

Diet

SH PA

Ingredient, % of DM
 Corn silage 25.8 25.8
 Alfalfa silage 7.33 7.34
 Chopped alfalfa hay 6.23 6.23
 Dry ground corn 31.2 31.2
 Soybean meal 12.5 12.5
 Soyhulls 9.20 7.19
 Cottonseed with lint 3.64 3.64
 Vitamin-mineral mix2 4.18 4.18
 Palmitic acid supplement (99% C16:0) 0.00 1.98
Nutrient composition
 DM, % 62.0 62.1
 OM, % of DM 93.4 93.5
 NDF, % of DM 30.4 29.1
  % Forage NDF 19.1 19.1
  % NDF from forage 62.7 65.5
 iNDF,3 % of DM 9.51 9.40
 CP, % of DM 15.9 15.7
 Starch, % of DM 29.3 29.2
 Total FA, % of DM 2.52 4.47
 C16:0, % of DM 0.464 2.41
1Treatments were either control (SH; with 2% of diet DM as added 
soyhulls) or a palmitic acid-supplemented diet (PA; with 2% of diet 
DM as palmitic acid; 99% C16:0).
2Vitamin-mineral mix contained (DM basis) 30.1% limestone, 25.3% 
sodium bicarbonate, 10.1% salt-white, 7.07% urea, 6.00% potassium 
chloride, 5.98% dicalcium phosphate, 5.68% magnesium sulfate, 5.68% 
animal fat, 3.94% trace mineral premix and vitamins, 0.21% selenium 
yeast 600 (600 mg of Se/kg).
3Indigestible NDF.
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then by 50°C/min to 250°C, and held for 5.5 min. The 
injection volume was 1 μL of FAME-hexane mixture. 
Integration was performed with GCsolution software 
(version 2.32.00; Shimadzu Corp.). Fatty acid methyl 
esters were identified by comparison of retention times 
with known FAME standards (GLC 63A and GLC 455 
from Nu-Chek Prep Inc., Elysian, MN).

All plasma samples were analyzed in duplicate, un-
less otherwise specified. Commercial kits were used to 
determine plasma concentrations of NEFA [NEFA-HR 
(2) kit; Wako Chemicals USA Inc., Richmond, VA; in-
traassay CV: 2.5%, interassay CV: 3.1%], triglyceride 
(L-Type Triglyceride M kit; Wako Chemicals USA Inc.; 
intraassay CV: 14.6%, interassay CV: 8.8%), insulin 
(Coat-A-Count RIA kit; Siemens Healthcare Diag-
nostics, Deerfield, IL; intraassay CV: 7.8%), glucagon 
(Glucagon RIA kit no. GL-32K; Millipore Corp., St. 
Charles, MA; intraassay CV: 4.4%), and CCK (Euria-
CCK kit no. RB 302 US; Euro Diagnostica, Malmö, 
Sweden; singlicate analysis; intraassay CV: 3%). Plas-
ma glucose concentration was analyzed using a glucose 
oxidase method (PGO Enzyme Product No. P7119; 
Sigma Chemical Co.; intraassay CV: 1.1%, interassay 
CV: 1.0%).

Milk samples stored with preservative were analyzed 
for fat, true protein, lactose, MUN, and SCC by infra-
red spectroscopy (AOAC International, 1997), by the 
Michigan Herd Improvement Association (Universal 
Lab Services). Milk samples stored without preservative 
were composited by milk fat yield and centrifuged at 
17,800 × g for 30 min at 4°C to collect the fat cake. Lip-
ids were extracted according to Hara and Radin (1978) 
and FAME prepared according to Christie (1989). 
Quantification of FAME using gas-liquid chromatogra-
phy was performed as described by Caldari-Torres et al. 
(2011). A total of approximately 80 individual FA were 
quantified per sample. Even though all quantified FA 
were used for summation by source and concentration 
calculations, only select FA were included in the tables. 
Yield of individual FA in milk fat were calculated by 
correcting for glycerol content according to Schauff et 
al. (1992), and other milk lipid classes according to 
Glasser et al. (2007). The FA yield response (FAYR) 
to additional FA intake was calculated for total FA and 
for C16:0 plus cis-9 C16:1 with the following equation:

FAYR (%) = (FA yield for PA − FA yield for SH)/ 

(FA intake for PA − FA intake for SH).

Statistical Analysis

All data were analyzed using the fit model procedure 
of JMP (version 9.0.2; SAS Institute, Cary, NC) ac-
cording to the following model:

Yijk = μ + Ci + Pj + Tk + Pj × Tk + pMY + pMY  

× Tk + pMY × pMY + pMY × pMY × Tk + eijk,

where Yijk = dependent variable, μ = overall mean, Ci 
= random effect of cow (i = 1 to 32), Pj = fixed effect of 
period (j = 1 to 2), Tk = fixed effect of treatment (k = 1 
to 2), pMY = preliminary milk yield used as covariate, 
pMY × Tk = interaction between pMY and treatment, 
pMY × pMY = pMY squared, pMY × pMY × Tk = 
interaction between pMY × pMY and treatment, and 
eijk = residual error. Linear and quadratic effects for the 
interaction between pMY and treatment were added to 
evaluate responses to treatment by level of milk yield. 
Normality of the residuals was checked with normal 
probability and box plots and homogeneity of variances 
with plots of residuals versus predicted values. When 
necessary, data was transformed and this was noted 
in the tables. Main effects were declared significant at 
P ≤ 0.05, and tendencies were declared at P ≤ 0.10. 
Interactions were declared significant at P ≤ 0.10, and 
tendencies were declared at P ≤ 0.15. Interactions were 
evaluated, but removed from the statistical model when 
not significant (P > 0.15). In general, period by treat-
ment interaction was not significant, but variables with 
significant interactions are noted in the tables. All data 
were expressed as least squares means and standard 
error of the means, unless otherwise specified.

RESULTS

Production Responses

Treatment did not interact with preliminary milk 
yield for any production response measured (Table 
3). The PA treatment increased milk fat percent (3.40 
vs. 3.27%; P = 0.01) and yields of milk (46.0 vs. 44.9 
kg/d; P < 0.05) and milk fat (1.53 vs. 1.45 kg/d; P 
< 0.01). Concentrations and yields of protein, lactose, 
solids, SNF, and MUN were not affected by treatment. 
The PA treatment increased 3.5% FCM yield by 1.74 
kg/d and ECM yield by 1.57 kg/d (both P < 0.01) 
because of the increases in both milk yield and milk 
fat percentage. The PA treatment did not affect DMI 
or BW, tended to decrease BCS slightly (P = 0.06), 
and increased feed efficiency (3.5% FCM/DMI) by 0.06 
units (P < 0.01).

Total-Tract Digestibility

Treatment did not interact with preliminary milk 
production for total-tract digestibility of any feed 
fraction measured, except for 16-carbon FA (Table 4). 
The PA treatment increased DM and OM total-tract 
digestibility by 2.8 and 2.6%, respectively (both P < 
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0.01), mainly from higher NDF digestibility, which 
increased by 9.2% (P < 0.001), and CP digestibility, 
which increased by 3.3% (P < 0.05). A treatment by 
period interaction was detected for CP digestibility (P 
= 0.07); PA increased CP digestibility substantially 
during period 1 (65.1 vs. 61.2 ± 0.87%), but not dur-
ing period 2 (67.9 vs. 67.6 ± 0.87%). In contrast, PA 
did not affect digestibility of starch and decreased total 
FA digestibility by 14.2% (P < 0.001). Moreover, PA 
decreased 16-carbon FA digestibility by 25.7% (P < 
0.001) and increased 18-carbon FA digestibility slightly 
(P = 0.02) compared with SH. The interaction between 
preliminary milk yield and treatment for 16-carbon FA 
digestibility indicated that cows with higher milk yield 
had lower 16-carbon FA digestibility than cows with 
lower milk yield during the preliminary period (interac-
tion P = 0.07). Further, total FA digestibility decreased 

as total FA intake increased (R2 = 0.51; P < 0.0001; 
Figure 1).

As expected, PA increased intakes of total FA and 
16-carbon FA by 551 g/d (both P < 0.0001; Table 5). 
The interaction between preliminary milk yield and 
treatment for the intakes of total FA and 16-carbon FA 
(both P < 0.01) indicated that the difference in intakes 
for cows with lower milk production was slightly less 
than for cows with higher milk production. Intake of 
18-carbon FA was not affected by diet (P = 0.75). The 
PA treatment increased absorption of total FA and 
16-carbon FA by 262 and 250 g/d, respectively (both 
P < 0.0001; Table 5), and tended to increase absorp-
tion of 18-carbon FA by 10 g/d (P = 0.10). Total FA 
absorption increased at a decreasing rate as total FA 
intake increased (quadratic R2 = 0.82; P = 0.01; Fig-
ure 2). An interaction between treatment and period 

Table 3. Dry matter intake, milk production and composition, BW, and BCS for cows fed treatment diets (n = 32) 

Item

Trt1

SEM

Significance, P-value

SH PA Trt Trt × period

DMI, kg/d 27.8 27.8 0.54 0.98 0.84
Yield, kg/d
 Milk 44.9 46.0 1.74 0.04 0.87
 Fat 1.45 1.53 0.05 0.001 0.45
 Protein 1.38 1.41 0.04 0.13 0.84
 Lactose 2.19 2.23 0.09 0.12 0.98
 3.5% FCM 42.9 44.6 1.35 <0.01 0.75
 ECM 43.2 44.8 1.31 <0.01 0.82
3.5% FCM/DMI 1.54 1.60 0.03 <0.0001 0.73
Milk composition, %
 Fat 3.29 3.40 0.11 0.01 0.50
 Protein 3.11 3.09 0.05 0.57 0.98
 Lactose 4.85 4.82 0.03 0.28 0.17
SCC, ×1,000/mL 36.5 43.6 11.6 0.48 0.25
Average MUN, mg/dL 15.0 14.8 0.27 0.49 0.11
BW, kg 722 723 14.7 0.58 0.82
BCS 2.99 2.93 0.15 0.06 0.81
1Trt = dietary treatment. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet (PA; 
with 2% of diet DM as palmitic acid; 99% C16:0).

Table 4. Total-tract digestibility for cows fed treatment diets (n = 32) 

Item, %

Trt1

SEM

Significance, P-value

SH PA Trt Trt × period pMY2 pMY × Trt

DM 64.4 66.2 0.40 0.001 0.67 0.20 0.63
OM 66.2 67.9 0.38 0.001 0.96 0.14 0.95
NDF 35.7 39.0 0.74 <0.001 0.24 0.25 0.87
CP 64.4 66.5 0.62 0.01 0.07 0.54 0.17
Starch 96.7 96.8 0.15 0.57 0.62 0.48 0.44
Total FA 71.3 61.2 1.13 <0.0001 0.17 <0.01 0.56
 16-carbon FA 67.6 50.2 1.07 <0.0001 0.28 0.09 0.07
 18-carbon FA 73.3 75.5 1.28 0.02 0.47 <0.01 0.73
1Trt = dietary treatment. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet (PA; 
with 2% of diet DM as palmitic acid; 99% C16:0).
2pMY = preliminary milk yield.
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was detected for total FA absorption (P = 0.05); PA 
increased total FA absorbed by 216 g/d during period 
1, but by 308 g/d during period 2. A similar interac-
tion between treatment and period was observed for 
16-carbon FA absorption (P = 0.001).

Plasma Metabolites and Hormones

Treatment did not interact with preliminary milk 
yield for plasma concentration of any hormone or me-
tabolite, except glucagon (Table 6). The PA treatment 

decreased plasma glucagon concentration compared 
with SH (interaction P = 0.07) for cows with prelimi-
nary milk yield greater than 55 kg/d only (data not 
shown). Although PA did not affect plasma glucose 
concentration, it tended to increase plasma insulin 
concentration by 11.7% (P = 0.06) and insulin-to-
glucagon ratio by 9.6% (P = 0.07). The PA treatment 
also increased plasma CCK concentration by 11.9% (P 
< 0.001). Plasma triglyceride concentration was not af-
fected by treatment, but PA increased plasma NEFA 
concentration by 12.7% (P < 0.001).

Figure 1. Relationship between total FA digestibility and total FA 
intake of cows fed treatment diets [total FA digestibility (%) = 85.9 − 
0.020 × total FA intake (g/d); R2 = 0.51; P < 0.0001]. Cows with FA 
intakes higher than 950 g/d were on the palmitic acid-supplemented 
diet (n = 32), whereas cows with FA intakes lower than 950 g/d were 
on the control diet (n = 32).

Table 5. Total FA intake and absorbed for cows fed treatment diets (n = 32) 

Item, %

Trt1

SEM

Significance, P-value

SH PA Trt Trt × period pMY2 pMY × Trt

DMI, kg/d 27.8 27.8 0.54 0.98 0.84 <0.0001 0.84
Total FA intake, g/d 707 1,258 14.2 <0.0001 0.85 <0.0001 <0.01
 16-carbon FA intake, g/d 136 687 7.05 <0.0001 0.95 <0.0001 <0.0001
 18-carbon FA intake, g/d 533 531 10.6 0.75 0.78 <0.0001 0.57
Total FA absorbed, g/d 502 764 12.4 <0.0001 0.05 0.04 0.80
 16-carbon FA absorbed, g/d 91.9 342 5.65 <0.0001 0.001 0.12 0.96
 18-carbon FA absorbed, g/d 389 399 7.80 0.10 0.36 0.04 0.59
1Trt = dietary treatment. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet (PA; 
with 2% of diet DM as palmitic acid; 99% C16:0).
2pMY = preliminary milk yield.

Figure 2. Relationship between total FA absorbed and total FA 
intake of cows fed treatment diets {total FA absorbed (g/d) = 202 + 
0.470 × total FA intake (g/d) − 0.0003 × [FA intake (g/d) − 983]2; R2 
= 0.82; P = 0.01}. Cows with FA intakes higher than 950 g/d were on 
the palmitic acid–supplemented diet (n = 32), whereas cows with FA 
intakes lower than 950 g/d were on the control diet (n = 32).
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Milk FA Profile and Yields

The PA treatment increased concentrations of mixed 
source FA in milk, but decreased concentrations of de 
novo and preformed FA (P < 0.001; Table 7). Mixed-
source FA (C16:0 plus cis-9 C16:1) can originate from 
both preformed (dietary or mobilized) and de novo syn-
thesis in the mammary gland (Bauman and Griinari, 
2003). Interactions between treatment and preliminary 
milk yield with respect to the concentrations of pre-
formed and mixed-source FA indicate that treatment 
affected cows differently depending on their level of 
milk production; for cows with higher milk produc-
tion, the difference in concentrations of preformed and 
mixed-source FA between diets was less than for cows 
with lower milk production (both P < 0.15).

No interactions were observed between treatment 
and preliminary milk yield for yields of individual FA 
in milk (Table 8). The PA treatment increased yields of 
mixed source FA in milk (564 vs. 473 g/d; P < 0.0001) 
and PA decreased slightly the yield of de novo FA (395 
vs. 408 g/d; P = 0.05) and did not affect yields of 
preformed FA.

FAYR to Additional FA Intake

No interactions were detected between treatment 
and preliminary milk production for FAYR to the 
additional FA intake when calculated for either total 
FA or for C16:0 plus cis-9 C16:1. For each additional 
100 g intake of total FA, milk FA increased by 11.7 g 
compared with SH. When only C16:0 plus cis-9 C16:1 
were considered, for each additional 100 g intake of 
these FA, C16:0 plus cis-9 C16:1 increased by 16.5 g 
compared with SH.

DISCUSSION

Previous research on saturated fat supplementation 
suggests that cows at different levels of milk production 
can respond differently to a treatment diet (Harvatine 
and Allen, 2005; Warntjes et al., 2008). However, all 
cows in this study responded similarly to palmitic acid 
supplementation, as evidenced by a lack of interaction 
between treatment and preliminary milk production 
for almost every response variable measured. Excep-
tions were plasma glucagon concentration, 16-carbon 
FA digestibility, total FA intake, 16-carbon FA intake, 
and profiles of several individual milk FA. Interactions 
between treatment and preliminary milk yield for these 
variables were small and likely not biologically impor-
tant. Preliminary milk yield was used as a covariate, 
because this information is readily available to the 
dairy producer and, therefore, can easily be used for 
grouping and feeding cows. Glucose tolerance test and 
ITT results were added to the statistical model and 
evaluated as possible covariates, but interactions with 
treatment were not significant (data not shown).

Palmitic acid supplementation did not affect DMI, 
but increased milk yield, which, together with an in-
crease in milk fat concentration, resulted in an increase 
in 3.5% FCM yield. The lack of an effect on DMI and 
the increase in 3.5% FCM yield resulted in a slight 
increase in feed efficiency. Steele (1969) reported that a 
supplement high in palmitic acid (~85% C16:0) fed at 
approximately 4.25% of diet DM increased milk yield by 
1 kg/d, milk fat yield by 115 g/d, and milk fat percent-
age by 13%, when compared with a nonsupplemented 
control diet. Moreover, palmitic acid supplementation 
decreased milk protein concentration by 6.4% without 
affecting milk protein yield and increased milk lactose 

Table 6. Plasma metabolites and hormones of cows fed treatment diets (n = 32) 

Item

Trt1

SEM

Significance, P-value

SH PA Trt
Trt ×  
period pMY2

pMY ×  
Trt

pMY ×  
pMY

pMY ×  
pMY × Trt

Insulin,3 μIU/mL 9.57 10.69 1.07 0.06 0.96 <0.01 0.37 0.48 0.49
Glucagon, pg/mL 149 155 6.35 0.17 0.21 0.82 0.18 0.90 0.07
Insulin:glucagon3 0.065 0.071 1.08 0.07 0.57 <0.01 0.22 0.48 0.21
Glucose, mg/dL 55.1 55.0 0.56 0.80 0.68 0.14 0.90 0.66 0.90
NEFA, μEq/L 90.0 101 2.64 <0.0001 0.14 0.16 0.19 0.82 0.44
Triglycerides, mg/dL 9.39 9.64 0.32 0.37 0.85 0.05 0.68 0.93 0.63
CCK,4 pmol/L 17.6 19.7 0.86 <0.001 0.26 0.36 0.74 0.41 1.00
1Trt = dietary treatment. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet (PA; 
with 2% of diet DM as palmitic acid; 99% C16:0).
2pMY = preliminary milk yield.
3Data were transformed (log10) before analysis to meet the assumption of homogeneity of variance. For interpretation purposes, means and SEM 
were back-transformed and included in the table.
4Cholecystokinin.
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yield by 8.6% with no effect on lactose concentration 
(Steele, 1969). In the present experiment, PA did not 
affect milk protein concentration or lactose yield de-

spite increased yields of milk and milk fat, consistent 
with results reported by Steele (1969). More recently, 
and consistent with our results, a FA supplement high 

Table 7. Milk FA concentrations1 of cows fed treatment diets (n = 32) 

Item, g/100 g

Trt2

SEM

Significance, P-value

SH PA Trt Trt × period pMY3 pMY × Trt

Summation by source4

 De novo 29.9 27.5 0.33 <0.0001 0.21 0.19 0.61
 Mixed 34.7 39.4 0.33 <0.0001 0.11 0.03 0.03
 Preformed 35.4 33.1 0.43 <0.0001 0.81 0.01 0.10
Selected individual FA
 4:0 2.95 2.94 0.06 0.75 0.06 0.19 0.58
 6:0 2.11 2.02 0.04 <0.0001 0.04 0.30 0.83
 8:0 1.31 1.21 0.03 <0.0001 0.02 0.48 0.91
 10:0 3.43 3.10 0.07 <0.0001 0.06 0.67 0.72
 12:0 4.11 3.68 0.08 <0.0001 0.20 0.94 0.54
 14:0 12.4 11.3 0.13 <0.0001 0.83 0.18 0.64
 cis-9 14:1 0.962 0.920 0.04 <0.0001 0.27 0.45 0.93
 16:0 33.0 37.6 0.34 <0.0001 0.23 0.04 0.03
 cis-9 16:1 1.66 1.80 0.06 <0.0001 0.05 0.90 0.23
 18:0 8.77 7.77 0.18 <0.0001 0.02 <0.01 0.05
 trans 18:15 1.97 1.81 0.20 0.13 0.17 0.89 0.40
 cis-9 18:1 17.1 16.4 0.25 <0.0001 0.76 <0.01 0.31
1A total of approximately 80 individual FA were quantified and used for calculations (summation by source and concentrations). Only select FA 
are reported in the table.
2Trt = dietary treatment. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet (PA; 
with 2% of diet DM as palmitic acid; 99% C16:0).
3pMY = preliminary milk yield.
4De novo FA originate from mammary de novo synthesis (<16 carbons), preformed FA originate from extraction from plasma (>16 carbons), 
and mixed FA originate from both sources (C16:0 plus cis-9 C16:1).
5Total 18:1 trans FA.

Table 8. Milk FA yields1 of cows fed treatment diets (n = 32) 

Item, g/d

Trt2

SEM

Significance, P-value

SH PA Trt Trt × period pMY3 pMY × Trt

Summation by source4

 De novo 408 395 14.2 0.05 0.30 <0.0001 0.94
 Mixed 473 564 18.4 <0.0001 0.81 <0.0001 0.64
 Preformed 475 470 11.6 0.45 0.26 0.0001 0.45
Selected individual FA
 4:0 40.4 42.4 1.72 <0.01 0.16 <0.001 0.43
 6:0 29.0 29.2 1.23 0.74 0.14 <0.001 0.88
 8:0 18.0 17.4 0.73 0.08 0.10 0.001 0.96
 10:0 46.9 44.7 1.86 <0.01 0.14 0.002 0.98
 12:0 56.0 53.0 2.09 <0.01 0.22 0.002 0.94
 14:0 169 162 5.72 <0.01 0.46 <0.0001 1.00
 cis-9 14:1 12.9 13.1 0.53 0.42 0.84 <0.001 0.88
 16:0 450 539 17.8 <0.0001 0.76 <0.0001 0.63
 cis-9 16:1 22.2 25.5 0.83 <0.0001 0.28 0.001 0.88
 18:0 118 111 4.17 <0.001 0.05 0.13 0.48
 trans 18:15 25.2 25.0 1.65 0.85 0.16 0.02 0.44
 cis-9 18:1 230 233 6.06 0.33 0.29 0.001 0.56
1A total of approximately 80 individual FA were quantified and used for calculations (summation by source). Only select FA are reported in 
the table.
2Trt = dietary treatments. Treatments were either control (SH; with 2% of diet DM as added soyhulls) or a palmitic acid-supplemented diet 
(PA; with 2% of diet DM as palmitic acid; 99% C16:0).
3pMY = preliminary milk yield.
4De novo FA originate from mammary de novo synthesis (<16 carbons), preformed FA originate from extraction from plasma (>16 carbons), 
and mixed FA originate from both sources (C16:0 plus cis-9 C16:1).
5Total 18:1 trans FA.
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in palmitic acid (~85%) fed at 2% of diet DM increased 
milk fat yield by 90 g/d and 3.5% FCM by 1.5 kg/d 
as well as increased feed efficiency (Lock et al., 2013). 
The increase in feed efficiency was a result of increased 
3.5% FCM and a decrease in DMI of 1.4 kg/d, which 
was not observed in the current study. As DMI was 
not affected by PA, the milk yield response observed 
could be because of an increase in energy consumed per 
day from the FA supplementation, because of higher 
OM digestibility, or both. In addition, the increase 
in milk fat percentage and yield observed for PA is 
likely directly related to the higher level of palmitic 
acid in the experimental diet, which raised plasma 
NEFA, but not triglyceride concentration. Saturated 
fat addition to diets has previously been reported to 
increase plasma concentrations of NEFA and triglycer-
ides (Choi et al., 2000). Kronfeld (1965) showed that 
a plasma NEFA concentration higher than 300 μEq/L 
was associated with increased milk fat output in fresh 
cows. However, in our study, plasma NEFA was only 
one-third of that threshold and PA increased NEFA 
by only 12.7%. The NEFA concentration we observed 
may have been related to the higher FA intake as well 
as to an increased mobilization of body fat reserves 
related the slight decrease in BCS observed for PA (P 
= 0.06). The PA treatment tended to increase insulin 
concentration, consistent with the effects of dietary 
saturated fat supplementation for cows (Harvatine and 
Allen, 2006) and rats (Stein et al., 1997). Increased 
insulin concentration is expected to decrease lipolysis, 
which is inconsistent with the tendency for the decrease 
in BCS observed. The increase in concentration and 
yield of milk fat could also be explained by a longer 
retention time of digesta in the rumen, consistent with 
the increase in NDF digestibility and CCK concen-
tration observed, which could favor a more complete 
biohydrogenation of conjugated linoleic acid isomers 
associated with milk fat depression in dairy cows (e.g., 
trans-10,cis-12 C18:2; Bauman et al., 2011). These 
biohydrogenation intermediates decrease milk fat syn-
thesis in the mammary gland (Baumgard et al., 2002), 
but have opposite effects in adipose tissue (Harvatine 
et al., 2009). Nevertheless, we did not find evidence of 
lower concentrations in milk of previously described FA 
isomers related to milk fat depression (data not shown) 
and, therefore, this explanation for the increased milk 
fat yield observed is speculative. A decrease in the con-
centration of currently unknown bioactive FA isomers 
could explain both the increase in milk fat production 
and the tendency for the change in BCS observed when 
PA was fed in our study.

The effect of palmitic acid supplementation on milk 
FA yields was consistent with that observed by Steele 
and Moore (1968) in regard to a slight decrease in de 

novo FA (<16-carbon FA) synthesis and an increase in 
C16:0 in milk, but not with the decrease in preformed 
FA (>16-carbon FA) in milk. In agreement with Lock 
et al. (2013), we did not see an effect of palmitic acid 
on preformed FA yields. The FAYR was only 11.7% 
for total FA and 16.5% for C16:0 plus cis-9 C16:1 FA. 
Because the average intake of 16-carbon FA for PA was 
approximately 5 times higher than SH, the low FAYR to 
palmitic acid supplementation could not be explained 
by decreased FA digestibility alone. Similarly, a transfer 
efficiency of 16.5%, calculated as the fraction of digested 
C16:0 partitioned to milk, was reported previously in a 
field study where an approximately 85% palmitic acid 
supplement was fed at 450 g/d (Warntjes et al., 2008). 
The authors suggested that this low transfer efficiency 
was related to oxidation of the FA as metabolic fuel 
rather than export as milk triglycerides. In contrast, 
a higher FAYR (46.7%), calculated as the additional 
C16:0 consumed and partitioned to milk relative to 
control, has been reported when 490 g of palmitic acid 
was infused in the duodenum (Enjalbert et al., 2000). 
In our study, increased milk fat yield was accounted for 
by the increase in total 16-carbon FA in milk.

Saturated FA generally do not affect DMI when 
added to diets at normal inclusion rates (up to 3% of 
total DM; Palmquist and Jenkins, 1980). Allen (2000) 
showed that DMI was not affected by hydrogenated FA 
in a meta-analysis of 29 treatment means reported in 
the literature. Consistent with this, we did not detect 
a difference in DMI between treatments in the present 
study. Results are inconsistent, however, for studies in 
which highly enriched (≥85%) sources of palmitic acid 
were supplemented; supplementation of an enriched 
palmitic acid supplement decreased DMI (Lock et al., 
2013) but also increased DMI (Mosley et al., 2007) 
compared with a control diet with no supplemental fat 
when supplemented at 500 g/d.

In general, supplementation of saturated fats has 
not affected OM digestibility. Although saturated fat 
supplementation did not affect nutrient digestibility in 
several studies (Schauff and Clark, 1989; Grum et al., 
1996; Harvatine and Allen, 2006), a highly enriched 
palmitic acid supplement tended to increase digestibil-
ity for several nutrient fractions in a field study (Warn-
tjes et al. 2008). However, no previous experiment has 
measured digestibility responses to a pure palmitic 
acid supplement. The increase in nutrient digestibility 
observed in the present study might have been caused 
by an increase in ruminal retention time, possibly from 
a reduction in rumen motility from increased plasma 
CCK concentration, which has previously been reported 
when saturated fats were fed (Choi et al., 2000). An in-
creased ruminal retention time might decrease passage 
of FA biohydrogenation intermediates (e.g., conjugated 
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linoleic acid) to the duodenum, previously mentioned 
as one of the possibilities for increased milk fat yield.

Studies from our laboratory (Harvatine and Allen, 
2006) and others (Wu et al., 1993; Elliott et al., 1996; 
Grum et al., 1996) have reported decreased FA digest-
ibility when SFA were fed. Palmquist (1991) showed a 
reduction in FA digestibility as FA intake increased, 
consistent with our results. Furthermore, total FA 
absorption increased at a decreasing rate with greater 
total FA intake. Decreased FA digestibility and absorp-
tion at high FA intakes might be related to excessive 
amounts of FA reaching the small intestine (Palmquist, 
1991). Alternative explanations are an alteration of 
the micelle formation in the duodenum or biliary salts 
production in response to increased proportions of 
saturated versus unsaturated FA (Doreau and Chill-
iard, 1997). Nevertheless, neither of these hypotheses 
has been tested. We only report total FA and 16- and 
18-carbon FA in feces because of the biohydrogenation 
of unsaturated FA that occurs in the rumen and large 
intestine that can lead to overestimation of unsaturated 
FA digestibility and underestimation of SFA digestibil-
ity.

Because milk income is primarily dependent on 
protein and fat yields in most markets, dietary FA 
supplements have the potential to increase profitability 
of dairy farms. Increased profitability would depend 
on the cost of the supplement relative to other diet 
ingredients, the value of the production and feed ef-
ficiency responses in relation to milk price, and other 
intangibles related to reproduction and health. All of 
these factors need to be considered to determine the 
feasibility of the utilization of any dietary supplement 
in dairy herds. In the present study, palmitic acid 
substituted for soyhulls increased milk fat yield by 80 
g/d, and did not affect milk protein yield or DMI. In 
view of these results, producers would have to consider 
only the slight increase in milk fat yield to evaluate 
whether it is profitable to feed a similar supplement 
to their herds. Research using highly enriched palmitic 
acid supplements has often reported increases in milk 
fat yield and various responses in terms of DMI, and 
therefore feed efficiency. For these reasons, their use 
on dairy farms might be justifiable in some cases, but 
the marginal return on any such supplement must be 
carefully considered.

CONCLUSIONS

Our results confirmed our hypothesis that palmitic 
acid supplementation compared with soyhulls can in-
crease milk yield, milk fat yield, and feed efficiency of 
dairy cows. However, production responses to palmitic 
acid did not differ across the production level of cows. 

Further studies are required to evaluate the effects on 
performance of other long-chain SFA, such as stearic 
acid, interactions of FA supplements with other dietary 
components, and to understand the reasons for differ-
ences in DMI and FAYR across studies with palmitic 
acid supplements.
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