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ABSTRACT

Kelp meal (KM) is a supplement made from the 
brown seaweed Ascophyllum nodosum, known to bio-
accumulate iodine (I) and to be the richest source of 
phlorotannins, which can inhibit ruminal proteolysis 
and microbial growth. The objective of this study 
was to investigate the effects of KM on production, 
milk I, concentrations of blood metabolites, apparent 
total-tract digestibility of nutrients, and CH4 emissions 
in grazing dairy cows. Eight multiparous Jersey cows 
averaging (mean ± SD) 175 ± 60 d in milk and 12 
primiparous Jersey cows averaging 142 ± 47 d in milk 
at the beginning of the study were assigned to either 
0 g/d of KM (control diet, CTRL) or 113 g/d of KM 
(brown seaweed diet, BSW) in a randomized complete 
block design. Diets were formulated to yield a 70:30 
forage-to-concentrate ratio and consisted of (dry mat-
ter basis): 48% cool-season perennial herbage and 52% 
partial TMR (pTMR). Each experimental period (n = 
3) lasted 28 d, with data and sample collection taking 
place during the last 7 d of each period. Cows had 
approximately 16.5 h of access to pasture daily. Herb-
age dry matter intake increased, and total dry matter 
intake tended to increase in cows fed BSW versus the 
CTRL diet. Milk yield and concentrations and yields of 
milk components were not affected by diets. Similarly, 
blood concentrations of cortisol, glucose, fatty acids, 
and thyroxine did not change with feeding CTRL or 
BSW. However, a diet × period interaction was ob-
served for milk I concentration; cows offered the BSW 
diet had greater milk I concentration during periods 1, 
2, and 3, but the largest difference between BSW and 
CTRL was observed in period 2 (579 vs. 111 µg/L, 
respectively). Except for period 2, the concentration 

of milk I in cows fed KM did not exceed the 500 µg/L 
threshold recommended for human consumption. Diet 
× period interactions were also found for serum triio-
dothyronine concentration, total-tract digestibilities of 
crude protein and acid detergent fiber, CH4 production, 
and urinary excretion of purine derivatives. Overall, the 
lack of KM effects on milk yield and concentrations and 
yields of milk components indicate that dairy produc-
ers should consider costs before making KM supple-
mentation decisions during the grazing season. Future 
research is needed to evaluate the concentration of I in 
retail organic milk because of the high prevalence of 
KM supplementation in northeastern and midwestern 
US organic dairies and possibly in other regions of the 
country.
Key words: organic agriculture, milk yield, pasture, 
supplementation

INTRODUCTION

The brown seaweed Ascophyllum nodosum is one 
of the most used and studied macroalga species in 
agriculture (Allen et al., 2001; Makkar et al., 2016). 
In addition to high concentrations of iodine (I) and 
other minerals, A. nodosum is known to contain a wide 
spectrum of bioactive compounds, including polysac-
charides, PUFA, antioxidants, peptides, and vitamins 
(Antaya et al., 2015; Makkar et al., 2016). Ascophyllum 
nodosum is also the richest known source of phlorotan-
nins (PT), which resemble terrestrial tannins in their 
ability to bind proteins and carbohydrates (Ragan and 
Glombitza, 1986; Connan et al., 2004), and to inhibit 
pathogenic bacteria (Wang et al., 2009; Belanche et 
al., 2016a; Zhou et al., 2018) and ruminal archaea (Be-
lanche et al., 2016a; Zhou et al., 2018). Phlorotannins 
can also reduce N output to the environment by reduc-
ing ruminal proteolysis and NH3-N formation (Wang et 
al., 2008; Zhou et al., 2018).

Dried and ground A. nodosum, commonly known as 
kelp meal (KM), is available commercially as a supple-
ment for livestock (Allen et al., 2001; Antaya et al., 
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2015; Makkar et al., 2016). Surveys revealed that 49, 
58, and 83% of organic dairy producers feed KM in 
Wisconsin (Hardie et al., 2014), the northeastern US 
(Antaya et al., 2015), and Minnesota (Sorge et al., 
2016a), respectively. Organic dairy producers have at-
tributed the following benefits to KM (Antaya et al., 
2015): (1) improved BCS and overall animal appear-
ance, (2) decreased milk SCC, reproductive problems, 
and incidence of “pinkeye” (infectious bovine keratocon-
junctivitis), and (3) control of nuisance flies. However, 
scientific data to support these anecdotal claims are 
limited. Although previous studies evaluated the effects 
of KM on milk yield, heat stress, and animal health in 
confined dairy cows (Cvetkovic et al., 2004; Kellogg et 
al., 2006; Pompeu et al., 2011; Antaya et al., 2015), we 
are not aware of any research that has investigated the 
effects of KM on production, nutrient utilization, and I 
metabolism during the grazing season.

Ascophyllum nodosum is known to bioaccumulate I 
(MacArtain et al., 2007), resulting in I concentrations 
of 820 mg/kg of DM (Antaya et al., 2015) or greater 
(Allen et al., 2001). A linear increase in milk I, which 
averaged 177, 602, 1,015, and 1,370 µg/L in cows fed, 
respectively, 0, 57, 113, and 170 g/d of KM was ob-
served in dairy cows during the winter season (Antaya 
et al., 2015). Even though KM supplementation has 
potential to mitigate I deficiency in humans via milk 
consumption (Brito, 2017), there are concerns of excess 
I intake particularly for children (IOM, 2001; Zimmer-
mann et al., 2005). Currently, no conclusive standards 
exist for I levels in milk, but a maximum of 500 µg/L 
has been advised (EFSA, 2013). Goitrogens such as 
glucosinolates (GLS) and hydrogen cyanide present in 
plants may prevent milk I concentration from exceeding 
500 µg/L in grazing cows fed KM through competi-
tive inhibition of I transportation into the thyroid and 
mammary glands (De La Vieja et al., 2000; Osman et 
al., 2013). Supplementation of 113 g/d of KM to dairy 
cows is within levels reported in the literature (Pom-
peu et al., 2011; Karatzia et al., 2012; Antaya et al., 
2015) and recommended by companies (e.g., Thorvin 
Inc., New Castle, VA; http: / / thorvin .com/ products/ 
livestock; accessed March 28, 2019).

Our central hypothesis is that milk I concentration 
would increase in dairy cows fed 113 g/d of KM due to 
elevated I intake, but the presence of goitrogens such 
as GLS in grazed herbage would prevent I in milk from 
surpassing 500-µg/L. We further hypothesize that the 
antimicrobial and antioxidant properties of KM might 
enhance milk yield through reduction of methano-
genesis and improvement of N utilization and animal 
health. We aimed to investigate the effects of KM on 
production, iodine metabolism, apparent total-tract di-

gestibility of nutrients, markers of animal health (e.g., 
cortisol), and CH4 emissions in grazing Jersey cows.

MATERIALS AND METHODS

Care and handling of the animals used in the current 
study were conducted as outlined in the guidelines of 
the University of New Hampshire Institutional Ani-
mal Care and Use Committee (Protocol no. 120504). 
This study was conducted at the University of New 
Hampshire Burley-Demeritt Organic Dairy Research 
Farm (Lee; 43°10′N, 70°99′W) from June 13 to Octo-
ber 2, 2012. However, except for milk SCC and milk 
SCS, all remaining data presented herein were from 
June 13 to September 4, 2012, because in the last ex-
perimental period (September 5 to October 2, 2012) 
cows had access to pasture only after the afternoon 
milking. Environmental temperature and relative hu-
midity averaged 19.3°C (minimum = 1.3°C; maximum 
= 34°C) and 74.8% (minimum = 26.1%; maximum = 
100%), respectively. These records were collected by 
the National Centers for Environmental Information 
(US Department of Commerce-National Oceanic and 
Atmospheric Administration) weather station located 
at the University of New Hampshire Kingman Farm 
(Madbury; 43°17′N, 70°93′W), 12 km away from the 
experimental site.

Animals, Experimental Design, and Treatments

Eight multiparous organic-certified Jersey cows aver-
aging (mean ± SD) 175 ± 60 DIM, 20.4 ± 2.05 kg/d 
of milk, and 441 ± 30 kg of BW, and 12 primiparous 
organic-certified Jersey cows averaging 142 ± 47 DIM, 
20.6 ± 2.85 kg/d of milk, and 389 ± 33 kg of BW at 
the beginning of the study were used in a randomized 
complete block design. Cows were blocked in pairs (n = 
10 pairs) according to DIM and milk yield and, within 
pairs, randomly assigned to 1 of 2 treatments: 0 g/d of 
KM (control diet, CTRL) or 113 g/d of KM (brown 
seaweed diet, BSW). The KM, donated by Thorvin 
Inc., came from the same lot to minimize variation 
in nutritional composition. Diets were formulated to 
yield a 70:30 forage: concentrate ratio using the NRC 
(2001) ration evaluation software and consisted (DM 
basis) of 48% cool-season perennial herbage and 52% 
partial TMR (pTMR). The pTMR contained (DM 
basis) 42.1% mixed (mostly grass) baleage, 56% ground 
corn-barley-based concentrate blend, and 1.9% sugar-
cane liquid molasses. Total supplement DMI included 
pTMR plus pelleted grains used to deliver Cr2O3 or to 
attract cows to the portable head chamber gas emis-
sion monitoring (GEM) unit (GreenFeed; C-Lock Inc., 

http://thorvin.com/products/livestock
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Rapid City, SD). The baleage used in the pTMR was 
harvested and preserved in plastic-wrapped bales as de-
scribed previously (Antaya et al., 2015; Resende et al., 
2015). Animals assigned to CTRL averaged (mean ± 
SD) 155 ± 55 DIM, 20.2 ± 2.79 kg of milk/d, and 420 
± 44 kg of BW, and those assigned to BSW averaged 
156 ± 55 DIM, 20.8 ± 2.30 kg of milk/d, and 400 ± 36 
kg of BW at the beginning of the study. The study was 
conducted throughout the grazing season (112 d total), 
with each experimental period lasting 28 d. Data and 
sample collection presented herein took place in the last 
7 d of each period as follows: period 1 (P1: June 13 to 
July 10; sampling: July 4 to 10), period 2 (P2: July 
11 to August 7; sampling: August 1 to 7), and period 
3 (P3: August 8 to September 4; sampling: August 
29 to September 4). Cows had free access to water for 
the duration of the study. The nutritional compositions 
of herbage and other individual feeds are presented in 
Tables 1 and 2, respectively. The nutritional and ingre-
dient compositions of pTMR, concentrate blend, and 
pellets are presented in Table 2.

Management of Cows

Cows were milked twice daily at approximately 0430 
and 1500 h, and milk weights were recorded throughout 
the experiment. A chlorhexidine-based teat solution 
was used for pre- and postdipping. Management of 
cows after milking, access to pasture, and strip grazing 
protocol followed procedures reported by Brito et al. 
(2017). The pTMR was prepared fresh (~1500 h) to 
last for 2 feeding events (afternoon of the same day 
and next morning) using a vertical mixer (V-Mix 400, 
ValMetal, Tomah, WI) and offered immediately after 
the afternoon (~1600 h) or morning (~0600 h) milking 
using Calan doors (American Calan Inc., Northwood, 
NH) to individualize intake. Half of the daily amount of 
KM was mixed with 227 g of concentrate blend, placed 
in rubber tubs inside the Calan doors (American Calan 
Inc.), and offered to cows before the morning and after-
noon milkings, resulting in a daily total of 113 g of KM 
and 454 g of concentrate blend. The concentrate blend 
was used as a carrier to stimulate complete consump-
tion of KM, which was confirmed visually. Cows in the 
CTRL diet also received 454 g of concentrate blend 
split into 2 portions following the same procedures used 
to deliver KM. The daily amount of concentrate blend 
(454 g × 20 cows = 9.1 kg) was subtracted from the 
batch used to make the pTMR to keep diets as formu-
lated. Orts were weighed daily at approximately 1400 
h.

In the first 3 wk of each experimental period, cows 
used in the study (n = 20) and remaining lactating 
animals of the herd (~30) grazed together in a single 

group. During each sampling week of P1, P2, and P3, 
cows assigned to the study grazed separately from non-
study animals. Cows had approximately 16.5 h/d of 
access to pasture and were weighed for 3 consecutive 
days before the beginning of the experiment and dur-
ing the last 3 d of each period to calculate daily BW 
change. Body condition score was assigned to each cow 
by 2 independent individuals on the last day of P1, P2, 
and P3, using a 1 to 5 scale (Wildman et al., 1982).

Chromium sequisoxide (Cr2O3; City Chemical LCC, 
West Haven, CT) was incorporated by Morrison’s 
Custom Feeds (Barnet, VT) into a pelleted feed to be 
used as the external marker to estimate fecal output of 
DM as done by Isenberg et al. (2019). A comparable 
amount of the concentrate blend used in the pTMR was 
substituted (DM basis) by 1.6 kg/d of Cr2O3-containing 
pellet to maintain diets as formulated. This pellet was 
offered twice daily (0.8 kg/feeding) in rubber tubs 
placed inside the Calan doors (American Calan Inc.) 
immediately before the morning and afternoon milk-
ings during the last 10 d of P1, P2, and P3 to ensure 
complete consumption, which was confirmed visually. 
Concentration of Cr in the pellet averaged (mean ± 
SD) 3,962 ± 387 mg/kg, with estimated Cr intake 
of 5.41 g/cow daily. Cows also had access to a GEM 
unit mounted in a trailer equipped with solar panels 
(GreenFeed; C-Lock Inc.) throughout the experiment 
for collection of spot short-term gaseous measurements 
(CH4 and CO2). The GEM unit was placed near the 
cows in each paddock to encourage visitation and oc-
casionally inside the barn to collect gaseous data when 
cows were not grazing. Calibrations, gaseous analyses, 
and detailed methodology related to GEM operation 
can be found elsewhere (Dorich et al., 2015; Hammond 
et al., 2015; Gunter and Beck, 2018).

Herbage and Feed Sampling and Analyses

Herbage samples were collected each time cows were 
moved to a new strip of fresh pasture during each sam-
pling collection week in P1 to P3. For determination of 
pre- and postgrazing herbage mass (kg of DM/ha) and 
sward botanical composition, herbage was collected 
to approximately 2 cm above ground using scissors or 
knives, which is within the range reported in the lit-
erature (Pérez-Prieto and Delagarde, 2012). Quadrats 
(0.25 m2) were used to delimitate the area to collect 
herbage samples at 20 random locations of each pad-
dock in a “zig-zag” pattern. Paddocks were mapped via 
GPS (Garmin Ltd., Olathe, KS), with 1- to 2-m range 
accuracy, to record the area (m2) to be grazed. Samples 
for nutritional analyses were collected using the hand-
plucking method of Kolver and Muller (1998). Herbage 
samples for botanical composition were sorted into 
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grasses, legumes, weeds, and dead materials. Predomi-
nant herbage species were identified concurrently with 
samples used for botanical composition and included: 
orchardgrass (Dactylis glomerata L.), white clover (Tri-
folium repens L.), smooth bromegrass (Bromus inermis 

Leyss.), perennial ryegrass (Lolium perenne L.), and 
tall fescue (Festuca arundinacea Schreb.). All samples 
were dried at 55°C in a forced-air oven (VWR Scien-
tific, Bridgeport, NJ) for about 48 h. Herbage height 
(pre- and postgrazing) was determined using a ruler, 

Table 1. Environmental conditions; herbage mass, height, allowance, and nutritional profile; and sward botanical composition throughout the 
grazing season

Item

Experimental period1

Period 1 Period 2 Period 3

Average air temperature,2 °C 21.2 (8.5–29.5) 22.6 (12.3–32.1) 18.1 (8.5–30.0)
Average air humidity,3 % 72.1 (30.2–94.4) 79.1 (42.7–100) 73.4 (30.8–94.5)
Pregrazing herbage mass, kg of DM/ha 2,227 1,699 1,580
Postgrazing herbage mass, kg of DM/ha 1,267 715 1,209
Pregrazing herbage height, cm 35.6 25.8 28.0
Postgrazing herbage height, cm 14.5 8.38 12.9
Paddock area, m2 per cow/d 94.7 46.2 55.9
Daily herbage allowance,4 kg of DM per cow/d 21.1 7.84 11.3
Sward botanical composition, % of DM    
 Grasses 65.3 56.5 70.2
 Legumes 23.4 12.7 7.46
 Weeds 8.79 9.89 6.06
 Dead materials 2.44 20.9 16.3
Nutritional composition, % of DM unless otherwise noted
 DM, % of fresh matter 25.6 24.5 24.0
 CP 13.9 16.5 17.5
 Soluble protein, % of CP 27.0 28.0 31.0
 NDF 59.0 59.6 66.0
 NDICP5 6.50 7.40 8.20
 ADF 33.0 35.1 34.1
 ADICP6 1.20 1.30 1.50
 ADL 5.50 5.40 4.60
 Ethanol-soluble carbohydrates 9.10 6.40 7.60
 Starch 1.70 0.30 0.40
 Ether extract 3.60 3.90 3.30
 Ash 8.81 8.40 9.08
 NFC7 15.7 12.8 5.43
 NEL, Mcal/kg of DM 1.21 1.23 1.08
 Ca 0.61 0.64 0.58
 P 0.41 0.36 0.32
 Mg 0.29 0.32 0.30
 K 2.53 2.11 2.36
 Na 0.04 0.11 0.06
 S 0.21 0.28 0.24
 Cl– 0.23 0.53 0.58
 Fe, mg/kg of DM 309 292 360
 Zn, mg/kg of DM 26.0 30.0 29.0
 Cu, mg/kg of DM 8.00 10.0 9.00
 Mn, mg/kg of DM 33.0 63.0 44.0
 Mo, mg/kg of DM 4.50 1.40 2.10
 I, mg/kg of DM 0.39 0.43 0.52
 DCAD, mEq/100 g of DM 47.0 27.0 32.0
 Glucosinolates, mg/kg of DM 105 63.3 102
 48-h IVDMD,8 % 67.5 60.5 57.5
1Period 1 = June 13 to July 10, sampling July 4 to 10; Period 2 = July 11 to August 7, sampling August 1 to 7; Period 3 = August 8 to 
September 4, sampling August 29 to September 4.
2Values in parentheses indicate minimum and maximum air temperatures (°C), respectively.
3Values in parentheses indicate minimum and maximum air relative humidity (%), respectively.
4Daily herbage allowance = [pregrazing herbage mass (kg of DM/ha) × pasture area (m2/cow per day)]/10,000.
5NDICP = neutral detergent insoluble CP.
6ADICP = acid detergent insoluble CP.
7NFC = 100 – [CP + (NDF – NDICP) + ether extract + ash].
8IVDMD = in vitro DM digestibility.
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and 15 height measurements per transect (n = 3/pad-
dock) were taken as reported previously (Brito et al., 
2017).

Concentrate blend and Cr2O3-containing pellet 
samples were taken once per period during the sam-
pling week of P1, P2, and P3 for nutrient analyses. 
Samples of KM (n = 1/each bag opened), sugarcane 
liquid molasses (n = 1/tote), and GEM pellet (n = 1/
period) were collected and composited across the study. 

All bales were sampled (~200 g of baleage/bale) us-
ing an electric drill (model TE 7-A; Hilti Inc., Tulsa, 
OK) fitted with a 45-cm stainless steel core sampler 
barrel (Nasco, Fort Atkinson, WI). Samples of pTMR 
and orts (from all 20 cows unless pTMR was entirely 
consumed) were collected daily during each sampling 
week. Feed and ort samples were dried for 48 h in a 
forced-air oven at 55°C (VWR International), with 
baleage DM used to adjust daily the as-fed proportion 

Table 2. Nutritional composition (% of DM unless otherwise noted) of mixed (mostly grass) baleage, concentrate blend, sugarcane liquid 
molasses, partial TMR (pTMR), kelp meal (KM), Cr2O3-containing pellet, and gas emission monitoring (GEM) unit pellet

Item
Mixed grass 

baleage
Concentrate 

blend1
Liquid 

molasses pTMR KM
Cr2O3 
pellet2

GEM 
pellet3

DM, % of fresh matter 60.4 ± 7.90 91.0 ± 0.15 75.0 72.0 ± 9.05 91.9 91.7 ± 1.48 91.6
CP 12.2 ± 0.12 12.2 ± 0.32 5.10 12.1 ± 0.17 10.3 18.1 ± 0.23 17.7
Soluble protein, % of CP 51.3 ± 8.02 26.7 ± 2.08 — 36.9 ± 4.59 54.0 29.7 ± 0.58 35.0
NDF 62.3 ± 2.26 10.3 ± 2.74 — 32.0 ± 2.32 39.2 18.9 ± 3.99 17.0
NDICP4 2.27 ± 0.70 1.50 ± 0.20 — 1.79 ± 0.36 5.60 2.73 ± 0.15 2.10
ADF 42.5 ± 0.90 3.77 ± 1.50 — 20.0 ± 1.17 20.8 8.40 ± 1.73 10.0
ADICP5 1.37 ± 0.29 0.33 ± 0.06 — 0.76 ± 0.11 5.10 0.53 ± 0.15 1.10
ADL 5.93 ± 0.75 1.57 ± 0.55 — 3.38 ± 0.62 12.2 3.20 ± 0.44 3.20
Ethanol-soluble carbohydrates 5.40 ± 0.69 3.10 ± 1.68 78.0 5.49 ± 1.23 3.90 4.53 ± 1.23 4.30
Starch 1.47 ± 1.07 57.4 ± 0.25 — 32.8 ± 0.34 0.40 40.2 ± 0.98 41.2
Ether extract 2.93 ± 0.31 2.23 ± 0.15 2.20 2.53 ± 0.04 2.40 2.90 ± 0.53 3.00
Ash 6.54 ± 0.15 8.22 ± 0.63 14.7 7.64 ± 0.31 26.1 10.1 ± 0.10 8.72
NEL, Mcal/kg of DM 1.12 ± 0.07 1.82 ± 0.05 1.85 1.53 ± 0.05 0.84 1.79 ± 0.08 1.74
NFC6 16.4 ± 2.14 67.3 ± 3.61 — 44.6 ± 2.63 22.9 50.4 ± 3.68 53.9
Ca 0.83 ± 0.04 0.98 ± 0.07 0.58 0.91 ± 0.02 1.28 1.24 ± 0.09 1.07
P 0.39 ± 0.01 0.59 ± 0.07 0.09 0.50 ± 0.04 0.21 0.45 ± 0.01 0.43
Mg 0.27 ± 0.02 0.66 ± 0.09 0.27 0.49 ± 0.06 0.80 0.46 ± 0.02 0.38
K 0.21 ± 0.01 0.53 ± 0.04 5.82 0.50 ± 0.03 2.57 0.86 ± 0.02 0.80
Na 2.08 ± 0.08 1.10 ± 0.12 0.16 1.50 ± 0.10 3.59 0.93 ± 0.01 0.74
S 2.10 ± 0.46 0.24 ± 0.02 0.82 1.03 ± 0.20 2.71 0.22 ± 0.01 0.20
Cl– 0.17 ± 0.02 1.09 ± 0.05 — 0.68 ± 0.02 4.73 1.00 ± 0.03 0.87
Fe, mg/kg of DM 0.12 ± 0.07 412 ± 76.9 347 238 ± 43.1 403 413 ± 59.0 292
Zn, mg/kg of DM 127 ± 28.8 147 ± 36.7 7.00 136 ± 11.3 11.0 161 ± 5.20 141
Cu, mg/kg of DM 25.3 ± 1.15 22.7 ± 4.51 12.0 23.6 ± 2.54 4.00 27.7 ± 3.06 22.0
Mn, mg/kg of DM 8.00 ± 1.00 103 ± 23.2 23.0 61.3 ± 12.7 24.0 116 ± 5.57 96.0
Mo, mg/kg of DM 39.3 ± 7.09 1.10 ± 0.10 1.10 17.2 ± 2.95 0.90 1.27 ± 0.06 1.10
Cr, mg/kg of DM — — — 0.94 ± 0.64 0.95 3,962 ± 387 —
I, mg/kg of DM 0.45 ± 0.38 2.65 — 1.67 ± 0.16 727 — —
DCAD, mEq/100 g of DM 0.42 ± 0.09 16.0 ± 3.61 — 9.14 ± 1.99 −80.0 20.3 ± 0.58 16.0
Glucosinolates, mg/kg of DM 32.9 ± 16.0 80.1 — 58.7 ± 6.72 — — —
48-h IVDMD,7 % — — — 73.9 ± 1.78 — — —
1Consisted (DM basis) of 52% ground corn, 20.7% barley, 10% wheat, 5.77% field peas, 4% soybean meal, 1.55% NaCl, 1.50% sodium bicarbon-
ate, 1.33% limestone, 1.12% DIKAL 21 (19% Ca and 21% P; Amax Phosphate Inc., Greenwich, CT), 0.98% magnesium oxide, 0.32% potassium 
sulfate, 0.17% Se, 0.33% mineral premix, and 0.28% A-D-E vitamin premix. The mineral premix provided (guaranteed analysis) 30% of Ca, 790 
mg/kg of I, 675 mg/kg of Co, 6.0 g/kg of Cu, 4.0% of Zn, and 2.5% of Mn. The A-D-E vitamin premix provided (guaranteed analysis) 6,062,721 
IU/kg of vitamin A, 1,653,450 IU/kg of vitamin D, and 25,353 IU/kg of vitamin E.
2Consisted (DM basis) of 38% ground corn, 5.68% wheat, 10% field peas, 4.72% soybean meal, 18.5% wheat middlings, 9% flaxseed meal, 4% 
alfalfa meal, 3% sugarcane liquid molasses, 1.13% NaCl, 1% sodium bicarbonate, 2.13% limestone, 0.45% magnesium oxide, 0.06% potassium 
sulfate, 0.10% Se, 0.22% mineral premix, and 0.29% A-D-E vitamin premix, 0.50% sodium bentonite, 0.50 Redmond conditioner (Redmond 
Minerals Inc., West Redmond, UT), and 0.74% Cr2O3 (City Chemical LCC, West Haven, CT). The mineral and A-D-E vitamin premixes had 
the same nutritional composition as those used in the concentrate blend. The Redmond conditioner (Redmond Minerals Inc.) provided (guar-
anteed analysis) 4–5% of Ca, 0.04% of P, 2.5–3.5% of NaCl, 0.8% of Mg, 0.7% of K, 0.08% of S, 29 mg/kg of Cu, 3,900 mg/kg of Fe, and 400 
mg/kg of Mn.
3The ingredient composition of the GEM unit pellet was the same as that of the Cr2O3-containing pellet except that the amount of Cr2O3 used 
was replaced by ground corn.
4NDICP = neutral detergent insoluble CP.
5ADICP = acid detergent insoluble CP.
6The formula NFC = 100 – [CP + (NDF – NDICP) + ether extract + ash] was used for baleage, concentrate blend, pTMR, and pellets. The 
formula NFC = 100 – (CP + NDF + ether extract + ash) was used for liquid molasses.
7IVDMD = in vitro DM digestibility.
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of baleage in the pTMR. Dried feeds were ground to 
pass through a 1-mm screen (Wiley mill; Thomas Sci-
entific, Swedesboro, NJ). Herbage, baleage, pTMR, and 
orts (by treatment) were composited individually by 
sampling week in each period. Dried weights of pTMR 
and orts were used to calculate pTMR DMI.

Herbage, baleage, KM, and pellets were shipped to 
a commercial laboratory (Dairy One Cooperative Inc., 
Ithaca, NY) and analyzed for DM, total N, soluble pro-
tein, NDF, ADF, NDIN, ADIN, ADL, ether extract, 
ash, individual minerals (Ca, P, Mg, K, Na, Fe, Zn, 
Cu, Mn, Mo, S, Cl ion), starch, and ethanol soluble 
carbohydrates following methods reported by Antaya 
et al. (2015). Pellets, pTMR, and KM were analyzed 
for Cr via atomic absorption by Analab (Fulton, IL) 
according to Williams et al. (1962) and Binnerts et 
al. (1968). Samples of herbage and baleage collected 
during each sampling week in P1, P2, and P3 and 
composited samples of concentrate blend and KM were 
quantified for I by inductively coupled plasma mass 
spectrometry at Dartmouth College Trace Element 
Analysis Laboratory (Hanover, NH). Sugarcane liquid 
molasses was analyzed for DM, CP, ether extract, ash, 
and individual minerals at Dairy One Cooperative Inc. 
as reported by Brito et al. (2017). Total GLS in sam-
ples of herbage, baleage, and concentrate blend were 
determined by HPLC (AOCS, 2011) at Bioprofile Test-
ing Laboratories (St. Paul, MN). Herbage and pTMR 
were further analyzed for 48-h in vitro DM digestibility 
(IVDMD) by Cumberland Valley Analytical Services 
(Hagerstown, MD) using a Daisy II incubator (AN-
KOM Technology, Fairport, NY). Orts were sent to 
Dairy One Cooperative Inc. for analyses of DM, CP, 
NDF, ADF, and ash according to procedures reported 
by Antaya et al. (2015).

Milk Sampling and Analyses

Milk samples were collected during 4 consecutive 
milkings starting in the afternoon of d 1 of each sam-
pling week and finishing the morning of d 3 in P1, P2, 
and P3. Samples were composited over each 2 consecu-
tive milkings proportionally to milk yield (afternoon 
of d 1 and morning of d 2 = composite 1; afternoon 
of d 2 and morning of d 3 = composite 2), preserved 
with a 2-bromo-2-nitropropane-1,3 diol tablet (D&F 
Control Systems Inc., Norwood, MA), and refrigerated 
at 4°C until analysis. Samples were shipped to Dairy 
One Cooperative Inc. in duplicate per set of composites 
and analyzed for concentrations (vol/vol) of fat, true 
protein, lactose, SNF, TS, and MUN by Fourier trans-
form infrared spectroscopy using a MilkoScan model 
FT+ (Foss Analytics, Hillerød, Denmark). In addition, 
milk samples from 2 consecutive milkings (afternoon 

of d 1 and morning of d 2) were collected during each 
sampling week per period, composited proportionally to 
milk yield (composite 3), and stored at −20°C without 
preservative until shipped to Michigan State Univer-
sity Veterinary Diagnostic Laboratory (Lansing, MI) 
for I analysis using inductively coupled plasma mass 
spectrometry. Milk samples for SCC (flow cytometry 
with a Fossomatic FC; Foss Inc. at Dairy One Coopera-
tive Inc.) were collected by an independent individual 
from DHI services on June 13, July 14, August 14, and 
September 15.

Blood Sampling and Analyses

Blood was sampled via the coccygeal vein or artery 
into 10-mL Vacutainer tubes (Becton Dickinson, Frank-
lin Lakes, NJ) using a 20-gauge needle (Monoject; Covi-
dien, Mansfield, MA) once daily at approximately 1630 
h during the first 2 d of each sampling week in P1 to 
P3. Vacutainer tubes without anticoagulant were used 
for measurements of serum cortisol, triiodothyronine 
(T3), and thyroxine (T4), and those containing EDTA 
were analyzed for plasma fatty acids, urea N (PUN), 
and glucose. Serum was harvested after samples were 
kept at room temperature until they clotted (~1 h) 
followed by centrifugation (3,300 × g for 20 min at 5°C; 
Eppendorf centrifuge model 5810; Eppendorf, Ham-
burg, Germany). After collection, serum was pooled in 
equal amounts by cow across sampling times, placed 
in cryovials, and stored at −80°C until analyses. Blood 
samples used for harvesting of plasma were centrifuged 
as done for serum and stored at −20°C in cryovials 
before being analyzed. Commercially available kits 
were used to determine the serum concentrations of T3 
(RIA, catalog no. TKT3; Siemens Medical Solutions 
Diagnostics, Los Angeles, CA) and T4 (RIA, catalog 
no. TKT4; Siemens Medical Solutions Diagnostics) at 
Kansas State University (Manhattan, KS). Commercial 
kits were also used to analyze the serum concentration 
of cortisol (competitive ELISA, immobilized antigen, 
catalog no. RCAN-C-270R; BioVendor LLC, Asheville, 
NC) and the plasma concentrations of fatty acids [enzy-
matic colorimetric assay, HR series NEFA-HR(2); Wako 
Diagnostics, Richmond, VA] and glucose (enzymatic 
colorimetric assay, catalog no. 510; Sigma-Aldrich, St. 
Louis, MO). The concentration of PUN was analyzed 
colorimetrically using the diacetyl monoxime method of 
Rosenthal (1955).

Urine and Fecal Sampling and Analyses

Spot urine samples were collected twice daily at ap-
proximately 0500 and 1700 h for 3 consecutive days 
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(d 3 to 5 of each sampling week in P1, P2, and P3) 
during voluntary urination or through stimulation of 
the pudendal nerve by massaging the area below the 
vulva. Samples were composited to create 1 sample 
per cow over 3 d by mixing 8 mL of urine and 400 
µL of 6 N HCl per time collection point. Composited 
samples were stored at −20°C until later measurements 
of nitrogenous metabolites. After thawing at room 
temperature, samples were analyzed colorimetrically 
for concentrations of creatinine (assay kit, catalog no. 
500701; Cayman Chemical Co., Ann Arbor, MI), al-
lantoin (Chen et al., 1992), and uric acid (assay kit, 
catalog no. 1045–225; Stanbio Laboratory, Boerne, 
TX), and for total N (micro-Kjeldahl) at Dairy One 
Cooperative Inc.

Fecal samples were collected twice daily at approxi-
mately 0500 and 1700 h during the last 5 d of each 
sampling week in P1, P2, and P3 during voluntary 
defecation or by rectal grab. Samples were pooled by 
cow, dried in a forced-air oven (55°C, ~72 h; Sheldon 
Manufacturing Inc., Cornelius, OR), and ground to pass 
through a 1-mm screen (Wiley mill; Thomas Scientific) 
until analyzed for DM, CP, ADF, NDF, and ash (Dairy 
One Cooperative Inc.), and Cr (Analab).

Respiration Rate and Body Temperature

Respiration rate and rectal temperature measure-
ments were taken during morning and afternoon milk-
ings for 4 consecutive days (d 3 to 6) of each sampling 
week in P1, P2, and P3. Respiration rates were deter-
mined by counting flank movements for 1 min using 
a digital timer, and body temperatures were obtained 
using a clinical thermometer inserted approximately 8 
cm into the rectum for about 45 s to 1 min.

Calculations

Pre- and postgrazing herbage mass was determined 
by multiplying the amount of forage within the 0.25-
m2 quadrat frame by the total paddock area (ha). 
Herbage allowance was calculated by multiplying pre-
grazing herbage mass (kg of DM/ha) times the daily 
pasture area (m2) allocated to individual cows divided 
by 10,000 to convert from square meters to hectares. 
Herbage DMI was estimated according to Bargo et al. 
(2002) as follows:

 Estimated herbage DMI (kg/d) =   

{fecal DM output (kg/d) − [pTMR DMI (kg/d)  

× 1 − pTMR 48-h IVDMD]}/ 

(1 − herbage 48-h IVDMD),

where fecal DM output was calculated using Cr2O3 
as the external marker with the equation reported by 
Kolver and Muller (1998):

 Fecal output of DM (kg/d) =   

Cr intake (g/d)/fecal Cr (g/kg of DM).

Body weight change was calculated by subtracting 
mean values obtained in the last 3 d of P1, P2, and P3 
from those recorded on d −3 to 0 relative to the begin-
ning of the study. Test-day milk SCC was converted to 
milk SCS using a base-2 logarithmic function as follows: 
milk SCS = log2 (milk SCC/100) + 3 (Ali and Shook, 
1980). Daily volume of urine was estimated from the 
urinary concentration of creatinine, assuming a con-
stant creatinine excretion rate of 0.212 mmol/kg of BW 
(Chizzotti et al., 2008). Urinary excretion of allantoin, 
uric acid, total purine derivatives (PD = allantoin plus 
uric acid), and total N were calculated by multiplying 
the urinary volume by the concentrations of these in-
dividual metabolites in urine. Both CH4 yield and CH4 
intensity were calculated by dividing CH4 production 
(g/d) by total DMI and ECM yield, respectively.

Statistical Analysis

Data were analyzed according to a randomized com-
plete block design with repeated measures over time 
using the MIXED procedure of SAS (version 9.4; SAS 
Institute Inc., Cary, NC) as follows:

 Yijkl = µ + Bi + Dj + Perk + Cl(i) + D × Perjk + εijkl, 

where Yijkl = dependent variable, µ = overall mean, Bi 
= fixed effect of the ith block (pair of cows), Dj = fixed 
effect of the jth diet, Perk = fixed effect of the kth peri-
od, Cl(i) = random effect of lth cow within the ith block, 
D × Perjk = interaction between the jth diet and kth 
period, and εijkl = error term (assumed to be normally 
distributed with mean = 0 and constant variance). The 
SAS command REPEATED was used to model distinct 
residual variances and, among the covariance structures 
tested [i.e., spatial power, compound symmetry, autore-
gressive (1), and heterogeneous autoregressive (1)], the 
one with the lowest Bayesian information criterion was 
retained in the final model. The subject of the repeated 
measures was defined as cow nested within treatment. 
All reported values are least squares means, with the 
PDIFF procedure of SAS used to separate treatment 
means (CTRL vs. BSW diet). We used Tukey’s mul-
tiple comparison test to adjust least squares means for 
period and diet × period interactions. Pre-study milk 
SCC and milk SCS were used as covariate terms in 
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the statistical model to compare the effects of treat-
ments on these 2 variables. Gaseous measurements 
were analyzed using a model like that reported above, 
except that initial BW (covariate), parity (block), and 
the diet × parity and period × parity interactions were 
included. Pair of animals was not used as the block 
term in the statistical model for gaseous measurements 
because not all cows visited the GEM unit throughout 
the study, so that the original pairwise blocking could 
not be maintained. It should be emphasized that the 
block term (i.e., pair of animals) was not significant for 
total DMI, which is known to influence CO2 and CH4 
emissions (Casper and Mertens, 2010; Niu et al., 2018). 
Significance was declared at P ≤ 0.05 and trends at 
0.05 < P ≤ 0.10. The covariate and interaction terms 
were removed from the statistical models when P > 
0.25.

RESULTS AND DISCUSSION

Most variables analyzed in this study resulted in pe-
riod effects (P ≤ 0.05) and are presented in Tables 3, 
4, 5, and 6. In general, period effects can be explained 
by changes in herbage nutritional composition, feed 
intake, DIM, and milk yield, with the progress of the 
grazing season, and were occasionally discussed herein.

Herbage Mass and Feed Nutritional Composition

Environmental conditions, herbage mass yield, 
height, allowance, nutritional profile, and sward bo-
tanical composition are presented in Table 1. The nu-
tritional composition of the remaining feeds is shown 
in Table 2. Pregrazing herbage mass yield averaged 
(mean ± SD) 1,835 ± 344 kg of DM/ha. Daily herbage 
allowance averaged 13.4 kg of DM/cow (ranged from 
7.84 to 21.1 kg of DM/cow) and was 53% greater than 
estimated herbage DMI determined through IVDMD 
and Cr2O3 (mean = 8.77 kg/d; Table 3). In addition, 
residual herbage left after grazing (calculated by di-
viding postgrazing herbage mass yield by that of pre-
grazing, and multiplying by 100) averaged 59%. These 
results suggest that the amount of herbage mass offered 
appeared to be adequate relative to estimated herbage 
DMI. Overall, the nutritive value of the herbage offered 
in this study, including the concentrations of CP, NDF, 
ADF, and macro- and microminerals, was within the 
range of that observed previously in the northeastern 
US (Hafla et al., 2016; Brito et al., 2017; Isenberg et 
al., 2019).

The concentrations of NDF, ADF, and ADL of KM 
were, respectively, 37.5, 91.8, and 63.9% lower than 
those of KM reported by Antaya et al. (2015). This 
variation in fiber profile suggests that the fresh A. 

nodosum was harvested in different stages of growth. 
However, the concentrations of ash (mean = 26.1%) and 
I (mean = 727 mg/kg of DM) of the KM supplemented 
herein was comparable to values reported by Antaya et 
al. (2015). Herbage samples (n = 380) obtained from 
14 northeastern US organic dairies did not meet mini-
mum NRC (2001) requirements of Ca, P, and S in 22, 
26, and 7% of samples, respectively, during a modeling 
exercise in which Jersey cows were offered forage as 
the sole feed source (Hafla et al., 2016). Therefore, KM 
may be used as a supplemental source of minerals in 
pasture-based systems, particularly because of its high 
concentrations of Ca and S. However, nutritionists and 
dairy producers should be aware that feeding 113 g of 
KM per cow daily would surpass I requirements, as dis-
cussed in detail below, suggesting that the overall diet 
needs to be formulated to minimize a chronic excess of 
I intake. Oceans are the richest source of I (Fuge and 
Johnson, 2015) due to leaching from the upper Earth’s 
crust (Muramatsu and Wedepohl, 1998), and brown 
seaweed species are known to bioaccumulate I through 
uptake of iodide from seawater (Baily and Kelly, 1955; 
Küpper et al., 1998).

The concentration of GLS averaged 89.6, 34.1, and 
80.1 mg/kg of DM in herbage, baleage, and concentrate 
blend, respectively (Tables 1 and 2). The variation in 
the concentrations of GLS observed in herbage and 
baleage fed in the present study likely reflects changes 
in herbage botanical composition of pastures and hay-
fields, respectively. According to Tripathi and Mishra 
(2007) and Osman et al. (2013), GLS are a group of 
sulfur-containing secondary plant compounds that, 
after degradation by the gut microbiota, yield thio-
cyanates and other derivatives known to competitively 
inhibit iodide uptake by the sodium iodide symporter 
into bodily tissues, including the thyroid and mammary 
glands, ultimately impairing the transfer of I to milk 
(Brown-Grant, 1957; Franke et al., 2009; Weiss et al., 
2015). Approximately 120 different types of GLS have 
been identified across 16 families of dicotyledonous 
angiosperms, with species in the Brassicaceae family 
among the chief sources of GLS (Tripathi and Mishra, 
2007; Osman et al., 2013).

Feed Intake, Milk Yield, and BW

Treatment effects on feed intake, milk yield, concen-
trations and yields of milk components, feed efficiency, 
BW gain, and BCS are presented in Table 3. Estimated 
herbage DMI was greater (+1.2 kg/d; P = 0.05) in 
cows fed the BSW diet compared with those fed the 
CTRL counterpart, whereas supplement DMI (pTMR 
DMI plus pellet DMI) was not affected by KM supple-
mentation. Consequently, total DMI (herbage DMI 
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plus supplement DMI) tended (P = 0.08) to increase in 
grazing cows fed BSW versus CTRL. It is not clear why 
KM elevated herbage DMI in the present study. Addi-
tional Cr provided by KM supplementation (0.11 mg/d) 
was not sufficient to influence calculations of herbage 
DMI. However, limitations associated with Cr2O3 (e.g., 
cyclic changes in fecal Cr concentration) and IVDMD 
(assumed to be constant from animal to animal) add 
uncertainties to estimations of herbage DMI (Malossini 
et al., 1996; Mayes and Dove, 2000). Even though a diet 
× period interaction (P = 0.05; Table 4) was observed 
for the apparent total-tract digestibility of ADF, the 
actual difference between treatments was small and not 
consistent over time, thus likely not affecting herbage 
DMI.

Yields of milk (mean = 13.4 kg/d), 4% FCM (mean 
= 13.9 kg/d), and ECM (mean = 15.1 kg/d) did not 
differ in cows fed CTRL versus the BSW diet. Like-
wise, feed efficiency and concentrations and yields of 
milk components (i.e., fat, true protein, lactose, SNF, 
TS) were not affected by treatments. Milk SCC and 
milk SCS also did not change due to diets. The lack 
of effect of KM supplementation on milk yield is not 
surprising because total DMI only tended to increase in 
cows assigned to the BSW diet. Information is scarce 
regarding the effects of KM on yields of milk and milk 
components in lactating dairy cows, and we are not 
aware of any experiment in which grazing dairy cows 
were supplemented with KM. Antaya et al. (2015) 
reported that neither milk yield nor concentrations 
and yields of milk components changed in response to 
incremental levels of KM, which agrees with studies 
where KM was supplemented at rates ranging from 56 
to 132 g/d (Pompeu et al., 2011) or at a fixed amount 
of 80 g/d (Karatzia et al., 2012). In contrast, Cvetkovic 
et al. (2004) reported increased milk yield (+1.7 kg/d) 
in dairy cows fed 57 g/d of KM during the last 5 wk 
of their experiment. Similarly, milk yield and 4% FCM 
improved by 10.5 and 11.9%, respectively, in dairy 
cows supplemented with 50 g/d of KM (Bendary et al., 
2013). Kellogg et al. (2006) observed a breed × KM 
supplementation interaction, with the large-size cows 
(mostly Holsteins) producing more milk (+2.3 kg/d) 
when offered KM (mean = 104 g/d), but no differ-
ence was found for the small-size counterparts (mostly 
Jerseys, Milking Shorthorns, and Holstein × Jersey 
crossbreeds). Positive responses in milk yield may be 
explained by the effects of KM on mitigating heat 
stress (Saker et al., 2001; Spiers et al., 2004; Archer et 
al., 2007; Pompeu et al., 2011) and its high concentra-
tions of minerals and B-complex vitamins (Antaya et 
al., 2015). In fact, the studies of Cvetkovic et al. (2004), 
Kellogg et al. (2006), and Bendary et al. (2013) were 
all conducted during the hot summer months, and the 

control diet used by Bendary et al. (2013) was not bal-
anced for minerals. The concentration of MUN (mean 
= 12.9 mg/dL) did not differ in cows offered CTRL or 
BSW, which agrees with Antaya et al. (2015). Body 
weight, BW change, and BCS averaged 412 kg, 0.05 
kg/d, and 3.32, respectively, and were similar between 
treatments (Table 3).

Intake and Digestibility of Nutrients, Urinary N 
Excretion, and Gaseous Emissions

Treatment effects on intake and apparent total-tract 
digestibility of nutrients, urinary excretion of nitrog-
enous metabolites, and gaseous emissions are presented 
in Table 4. Total intakes of OM, NDF, ADF, and CP 
followed total DMI and tended (P ≤ 0.09) to increase 
in cows fed BSW versus the CTRL diet. The appar-
ent total-tract digestibilities of DM (mean = 69.5%), 
OM (mean = 70.7%), and NDF (mean = 61.6%) were 
not changed. However, diet × period interactions were 
found for the apparent total-tract digestibilities of ADF 
and CP. As discussed previously, despite the diet × pe-
riod interaction for ADF digestibility, the actual differ-
ence between treatments was small and not consistent 
over time. The apparent total-tract digestibility of CP 
decreased in P1 (P = 0.04) or tended (P = 0.06) to 
decrease in P3 in cows offered BSW versus the CTRL 
diet, with no difference between treatments in P2. Asco-
phyllum nodosum is the richest source of PT (Connan et 
al., 2004) known to resemble terrestrial tannins in their 
ability to bind proteins and carbohydrates (Ragan and 
Glombitza, 1986). Thus, PT in KM may have caused 
the drop in CP digestibility during P1, but it is unclear 
why no changes were detected in P2. Zhou et al. (2018) 
observed a linear decrease in the apparent total-tract 
digestibility of CP in sheep fed incremental amounts 
of KM (0, 1, or 3% of diet DM; 17.6, 56.8, or 101 g/d, 
respectively). Belanche et al. (2016a) demonstrated a 
24% reduction in N digestion in fermentors dosed with 
5% of the diet DM from KM, compared with CTRL, 
further reinforcing the depressive role of PT on rumi-
nal proteolysis. The amount of N excreted in feces was 
elevated by 12.6% in cows offered BSW versus CTRL 
(Table 4), which is consistent with the PT mechanism 
of action.

Although the calculated amount of N excreted in 
urine (mean = 95.9 g/d) was not affected by diets, 
it was lower (P = 0.03) in BSW-fed versus CTRL-fed 
cows expressed as a proportion of N intake (Table 4). 
Therefore, it appears that N excretion was shifted from 
urine to feces when cows received the BSW diet, pos-
sibly mediated by PT present in KM, which is in line 
with decreased total-tract digestibility of CP and fecal 
N excretion as a proportion of N intake (Table 4). The 
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urinary excretion of uric acid (P = 0.04), allantoin (P 
= 0.01), and total PD (P < 0.01), as well as the ratio of 
PD to creatinine (P < 0.01), resulted in diet × period 
interactions (Table 4). Except for the urinary excretion 
of uric acid, which decreased (P = 0.03) in cows offered 
the BSW diet in P2, excretion of allantoin, total PD, 
and the total PD: creatinine ratio increased (P < 0.01) 
in KM-supplemented cows in P3, and no differences 
were detected in P1 and P2. These interactions and the 
lack of a consistent effect of KM supplementation on the 
urinary excretion of PD are difficult to explain because 
variables known to affect microbial protein synthesis in 
the rumen, such as DMI and OM intake, only tended to 
increase in the BSW diet and did not follow a pattern 
similar to that observed for PD. Antaya et al. (2015) 
reported quadratic effects for the urinary excretion of 
allantoin, uric acid, and total PD, with cows fed 57 or 
113 g/d of KM showing the greatest values, suggesting 
that 0 or 170 g/d of KM did not stimulate the growth 
of ruminal microbiota. Leupp et al. (2005) observed no 
change in the duodenal flow of bacterial N in beef steers 
offered poor-quality switchgrass (Panicum virgatum) 
hay supplemented with a cooked molasses block (341 
g/daily) containing 10 g of KM. However, total bacte-
rial population (number of 16S rRNA gene copies/g of 
ruminal fluid) decreased linearly in rams fed amounts 
of KM (i.e., 17.6, 56.8, or 101 g/d; Zhou et al., 2018) 
greater than the level offered by Leupp et al. (2005).

The carbon emissions data presented in Table 4 
were restricted to 13 cows (6 from CTRL and 7 from 
the BSW diet) and relied on 960 visits to the GEM 
unit during P1 to P3. According to Gunter and Beck 
(2018), 30 to 50 records per animal are needed to ob-
tain high-quality estimates of gas fluxes using the GEM 
system under grazing conditions. The number of visits 
to the GEM unit by cows used in the current experi-
ment averaged 74. Although most of the remaining 7 
cows accessed the GEM unit during the experiment, 
the number of visits was poor (≤2 times per cow/wk), 
and these measurements were not used in the statistical 
analysis. It is conceivable that this lower-than-expected 
number of visits by 7 cows could be related to the length 
of the alley gate (~30% longer than the cows’ body 
length) used to individualize access to the GEM unit. 
In a subsequent study (A. F. Brito, unpublished data), 
visitation improved substantially with use of an alley 
gate that was comparable to the cows’ body length.

No treatment effects were observed for CO2 produc-
tion (mean = 9.78 kg/d), CH4 yield (mean = 20 g/kg 
of total DMI), or CH4 intensity (mean = 23.4 g/kg of 
ECM; Table 4). However, a diet × period interaction 
was detected for enteric CH4 production. Cows fed the 
BSW diet showed an 11.5% decrease (P = 0.04) in CH4 
production during P1, but no changes were detected 

thereafter. This suggests a temporary effect of KM or 
an adaptation of the methanogenic community to the 
amount of KM fed over time. We are not aware of any 
in vivo study in which CH4 production was measured in 
ruminants fed KM. In vitro work has produced conflict-
ing results. Whereas Belanche et al. (2016a) reported 
no effect of KM on CH4 production using the rumen 
simulation technique, CH4 production decreased qua-
dratically in response to KM in a batch culture study 
(Belanche et al., 2016b). Moreover, Belanche et al. 
(2016a), in vitro, and Zhou et al. (2018), in vivo with 
rams, showed that KM inhibited the growth of ruminal 
methanogens. Therefore, ruminal archaea may have de-
creased in the present study, consistent with the drop 
in CH4 production in P1. It is worth noting that the 
amount of KM (up to 5% of the diet DM) used in the 
experiments of Belanche et al. (2016a) and Zhou et al. 
(2018) was much greater than that fed herein (~0.8% 
of total DMI). Dietary inclusion of KM ≥1% of diet 
DM may not be practically feasible because of the risks 
to animal and human health associated with excess I 
intake, as discussed in detail below.

Iodine Metabolism and Glucosinolates Intake

Intake of I and GLS, concentration and yield of milk 
I, and serum concentrations of the thyroid hormones 
T3 and T4 are presented in Table 5. Herbage I intake 
was greater (P = 0.05) in cows fed BSW versus CTRL, 
which is consistent with increased herbage DMI (P = 
0.05; Table 3). Total I intake was elevated by 429% 
with feeding BSW, in response to I provided by KM, 
compared with the CTRL diet. According to the NRC 
(2001), the requirement of I for lactating dairy cows is 
1.5 mg/100 kg of BW (NRC, 2001). The initial BW of 
cows used in the present study averaged 415 kg, so the 
calculated I requirement is 6.23 mg/d. This shows that 
the CTRL and BSW diets exceeded the I requirement 
by 184 and 1,404%, respectively. The maximum toler-
able concentration of dietary I, with consideration of 
animal health concerns, has been reported to be 50 mg/
kg of diet DM (NRC, 2005). Based on the mean total 
DMI of 17.1 kg/d for cows in the current experiment, 
the maximum tolerable amount of I intake would be 
equivalent to 855 mg/d, substantially greater than the 
total I intake reported in Table 5.

A diet × period interaction was observed for milk I 
concentration (Table 5). Cows offered the BSW diet had 
greater (P < 0.001) concentration of milk I during P1, 
P2, and P3 than those fed CTRL, but the largest differ-
ence (+422%) between treatments was observed in P2, 
where milk I surpassed 500 µg/L in KM-supplemented 
cows. Total GLS intake was lowest during P2, which 
was likely caused by decreased GLS consumption from 
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herbage (Table 5). Thus, the greatest disparity in milk 
I concentration between treatments in P2 is consistent 
with decreased GLS intake. Furthermore, the lowest 
GLS consumption may have resulted in proportionally 
less I uptake by the thyroid gland in cows fed BSW 
versus CTRL, leading to more I transfer to mammary 
tissues in P2 than P1 or P3, as no diet or diet × period 
interaction was seen for GLS intake (Table 5). Thio-
cyanates may also have played a role in the response 
of milk I to KM supplementation. More than 2,500 
plant species, including white clover (the most pre-
dominant legume species found in the present study), 
can release hydrogen cyanide following the action of 
cyanogenic β-glucosidases (Crush and Caradus, 1995; 
Seigler, 1998; Osman et al., 2013), which become active 
after herbivory or damaged plant tissues (Gleadow and 
Woodrow, 2002). Detoxification of hydrogen cyanide by 
the ruminal microbiota and liver cells forms thiocya-
nates, known to be potent inhibitors of the binding of 
I in the thyroid gland (Greer et al., 1966). Collectively, 
our results indicate that dietary I should be monitored 
closely to avoid milk I concentrations exceeding the 
recommend 500-µg/L threshold considered safe for hu-
man consumption (EFSA, 2013). In a study conducted 
in the Canadian province of Quebec, 86% of the dairy 
farms (n = 60) overfed I relative to the NRC (2001) 
recommendations (Borucki Castro et al., 2011).

Few studies have evaluated milk I concentration in 
dairy cows offered KM. Antaya et al. (2015) reported 
linear increases in the concentration (from 178 to 1,370 
µg/L) and yield (from 2.82 to 20.6 mg/d) of milk I 
in dairy cows supplemented with incremental amounts 
of KM, due to elevated I intake. Chaves Lopez et al. 
(2016) demonstrated a 113% increase in milk I concen-
tration with feeding (% of the diet DM) 2.3% of KM 
incorporated in a ground corn-based concentrate blend. 
In contrast, Sorge et al. (2016b) reported no effect of 
KM supplementation (56 g/d) on milk I concentration. 
According to Sorge et al. (2016b), this lack of response 
was possibly caused by a baseline serum I concentra-
tion already above the reference range of 50 to 120 ng/
mL in their cows and an unexpected high I content in 
the TMR.

Based on the 2015–2020 Dietary Guideline for Amer-
icans (USDHHS-USDA, 2015), 2- to 3-yr-old children 
should consume 2 cup-equivalents (~473 mL) of fat-free 
or low-fat milk daily as part of a healthy diet. This 
would result in 227 µg of I consumption daily using 
the mean milk I concentration of 480 µg/L from cows 
supplemented with 113 g/d of KM (Table 5). However, 
the same amount of KM (113 g/d) resulted in milk 
I concentration of 1,015 µg/L (Antaya et al., 2015), 
reflecting the well-documented seasonality of milk I due 
to changes in diets and management between summer T
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and winter (Pennington 1990a; Walther et al., 2018). 
The tolerable upper intake limit for I consumption 
by 1- to 3-yr-old children is 200 µg/d (IOM, 2001). 
Therefore, children in this age group would be over the 
tolerable upper intake limit for I by 13.5 and 141% if 
consuming 2 cup-equivalents of milk with a concentra-
tion of 480 and 1,015 µg/L, respectively. Even though 
chronic consumption of excess I does not generally 
represent an important public health concern in the 
United States (Pearce et al., 2004), it may increase the 
risk of thyroiditis, hyperthyroidism, hypothyroidism, 
and goiter in individuals with underlining thyroid issues 
or vulnerable groups (e.g., seniors, fetuses, neonates; 
Pennington, 1990b; Katagiri et al., 2017). Zimmermann 
et al. (2005) concluded that chronic I intake (≥ 500 
µg/d) by school-aged children increased thyroid size. 
Recently, Aakre et al. (2017) reported an association 
between thyroid dysfunction and poor developmental 
status among children with excessive I intake. It should 
be noted that the consequences of prolonged exposure 
to excess I intake, particularly in children, are not well 
understood and require further investigation (Zimmer-
mann et al., 2005; Katagiri et al., 2017).

Iodine deficiency represents a greater public health 
concern worldwide than I toxicity (Pearce et al., 2013), 
especially because I is essential for the synthesis of 
thyroid hormones that are involved in growth, de-
velopment, and control of metabolic processes in the 
body. European research has demonstrated that the 
concentration of I in retail organic milk is lower than 
in conventional milk (e.g., Bath et al., 2012; Średnicka-
Tober et al., 2016; Walther et al., 2018). This may re-
flect reduced use of mineral supplements and iodophor 
disinfectants in European organic dairies and reliance 
on pasture-based diets (Średnicka-Tober et al., 2016). 
Compared with the concentration of I in organic milk 
(mean = 147 µg/L) reported in the meta-analysis of 
Średnicka-Tober et al. (2016), that of milk I (mean = 
480 µg/L; Table 5) in cows fed 113 g/d of KM was 
227% greater. Thus, KM may be a viable source of 
I for European organic dairy farms, if the goal is to 
make organic milk equivalent to conventional milk in 
I concentration. In the United States, pregnant women 
do not consume enough I, based on the median urinary 
I concentration < 150 µg/L (Sullivan et al., 2013). The 
US IOM (2001) recommends daily consumption of 220 
µg of I for pregnant women, and adults in the country 
are recommended to consume 3 cup-equivalents (~710 
mL) of fat-free or low-fat milk daily (USDHHS-USDA, 
2015). Following these guidelines, pregnant adult 
American women would consume 341 µg of I with 3 
cup-equivalents of milk obtained from cows receiving 
113 g of KM during the grazing season, 55% above the 
recommended 220 µg of I daily (IOM, 2001). However, 

US annual per capita consumption of 2% reduced-fat 
milk averages 22.7 L or 64 mL/d (https: / / www .ers 
.usda .gov/ data -products/ food -availability -per -capita 
-data -system/ ; accessed Feb. 11, 2019). Consuming 64 
mL/d with milk I concentration of 480 µg/L would 
result in 31 µg of I intake, 610% lower than the recom-
mended 220 µg of I for adult pregnant women in the 
US (IOM, 2001). Although milk is one of the major 
sources of I for Americans as well as for populations 
of other industrialized countries (Pearce et al., 2004; 
van der Reijden et al., 2017), ironically, consumption 
of whole fluid milk has declined steadily in the United 
States (https: / / www .ers .usda .gov/ data -products/ food 
-availability -per -capita -data -system/ ; accessed Feb. 11, 
2019).

A diet × period interaction was observed for serum 
concentration of T3 (Table 5). Although no treatment 
differences were detected during P1 or P2, cows fed the 
BSW diet showed lower (P < 0.01) serum T3 in P3 than 
those offered CTRL. In contrast, serum concentration 
of T4 was similar with feeding CTRL or the BSW diet 
(Table 5). Compared with serum concentrations of T3 
(mean = 1.09 ng/mL) and T4 (mean = 48.4 ng/mL) in 
Jersey cows fed various amounts of KM during the win-
ter season (Antaya et al., 2015), values in the current 
study were, on average, 26.7 and 20.1% lower, respec-
tively. Variations in serum concentrations of T3 and T4 
are driven by differences in environmental temperature, 
DIM, milk yield, and dietary goitrogens, among other 
factors (Aceves et al., 1987; Pezzi et al., 2003; Anderson 
et al., 2007). Sorge et al. (2016b) reported serum con-
centrations of T3 (mean = 1.27 ng/mL) and T4 (mean 
= 33.2 ng/mL) in lactating Holstein cows fed KM 
that were greater and lower, respectively, than those 
measured herein. Even though serum T4 concentrations 
(mean = 40.3 ng/mL) in cows used in the present study 
were within healthy limits (29.5 to 44.3 ng/mL) based 
on data from Holstein, that of serum T3 (mean = 0.86 
ng/mL) was not inside the normal range of 0.98 to 
1.37-ng/mL (Kafi et al., 2012). As discussed earlier, 
cows fed the CTRL and the BSW diets consumed more 
I than required by 184 and 1,404%, respectively. The 
fact that no treatment differences for serum T3 were 
found in P1 and P2 with feeding KM, but a decrease 
in this hormone occurred during P3, suggests that pro-
longed exposure to excess I intake may have affected 
the thyroid function. Previous research with dairy cows 
(Hillman and Curtis; 1980; Olson et al., 1984; Ong et 
al., 2014) showed that excess I intake, ranging from 45 
to 600 mg/d for a minimum of 3 wk up to 7 yr, led to 
toxicity signs. The consequences of excessive I intake on 
thyroid health varies from hyper- to hypothyroidism, 
with these outcomes likely dependent on the functional 
status of the thyroid gland preceding the onset of sur-

https://www.ers.usda.gov/data-products/food-availability-per-capita-data-system/
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plus I consumption (Pennington, 1990b). Even though 
no clinical signs of I toxicity were detected in the cur-
rent experiment, cows fed KM did consume enough I 
(mean = 93.8 mg/d) for a period (>3 wk) that could 
have induced toxicity.

Blood Metabolites and Physiological Parameters

Treatment effects on concentrations of blood me-
tabolites and physiological parameters are presented in 
Table 6. The concentration of PUN (mean = 15.2 mg/
dL) followed that of MUN (Table 3) and did not differ 
between diets. Although the concentrations of glucose 
in plasma (mean = 61.3 mg/dL) and cortisol in serum 
(mean = 93.3 ng/mL) were similar with feeding CTRL 
versus the BSW diet (Table 3), that of plasma fatty 
acids tended (P = 0.06) to decrease in cows supple-
mented with KM. The plasma concentration of fatty 
acids dropped linearly, and that of cortisol tended to 
reduce linearly in response to various amounts of KM 
in the study of Antaya et al. (2015), conducted during 
the winter season. It is well known that cortisol and 
insulin have antagonistic mechanisms of action; when 
animals are experiencing stress, cortisol reduces cellu-
lar uptake of glucose, but this response is counteracted 
by lipolysis of the adipose tissue promoted by insulin 
(Munck et al., 1984; Sapolsky et al., 2000). However, 
blood concentrations of glucose and cortisol were not 
changed in the present experiment, suggesting that KM 
had no effect on mitigating stress from heat or nuisance 
flies during the grazing season.

Rectal temperature and respiration rates were not 
affected by treatments in the present study (Table 6). 
Previous research has showed that KM decreased respi-
ration rate (Cvetkovic et al., 2004) and alleviated heat 
stress (Pompeu et al., 2011) in confined dairy cows dur-
ing the summer, implying that these responses could 
be mediated by KM’s role on body thermoregulation, 
even though the mechanism behind this potential ef-
fect is not well understood (Allen et al., 2001; Spiers 
et al., 2004). It should be acknowledged that rectal 
temperature and respiration rate measurements were 
not specifically planned to coincide with the hottest 
or most humid days during the summer in the current 
experiment. Studies under controlled temperature con-
ditions are needed to provide further insights about the 
potential involvement of KM in heat stress abatement.

CONCLUSIONS

Milk I concentration increased in response to KM 
supplementation due to the high I content of this brown 
seaweed. Except during P2, the concentration of milk 
I did not surpass the recommend 500-µg/L threshold 

for human consumption, likely because of the presence 
of goitrogenic compounds such as GLS in the herbage 
grazed by the dairy cows. The lack of KM effects on 
milk yield, concentrations and yields of milk compo-
nents, and stress- and animal health-related parameters 
such as blood cortisol, body temperature, and respira-
tion rate, indicate that dairy producers should consider 
costs before making the decision to supplement cows 
with KM during the grazing season. Further research 
is warranted to elucidate the collective role of GLS 
and hydrogen cyanide derivatives on I metabolism in 
grazing dairy cows supplemented with KM, as well as 
the effects of KM on methanogenesis and N utilization. 
Research is also needed to evaluate the concentration of 
I in retail organic milk because of the high prevalence 
of KM supplementation in organic dairies in the north-
eastern and midwestern US and possibly other regions 
in the country.
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