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ABSTRACT

The chemical characteristics associated with different 
sources of Cu, Zn, and Mn such as sulfate, hydroxy-
chloride, or organic chelate may affect the interaction 
between the metals and other components present 
within the gut of a ruminant (i.e., microorganisms and 
nutrients). The present study aimed to evaluate the 
effect of different supplemental trace mineral strategies 
on apparent total-tract digestibility, rumen fermenta-
tion, and dairy productivity. Using 52 Holstein cows 
in a replicated 4 × 4 Latin square design with periods 
of 21 d, 4 treatments differing in their sources of Cu, 
Zn, and Mn were tested: sulfate form, hydroxychloride 
form, a mix of sulfate and organic chelate forms (70 
and 30%, respectively), and a mix of hydroxychloride 
and organic chelate forms (70 and 30%, respectively). 
Treatments were formulated to provide 15, 40, and 20 
mg of supplemental Cu, Zn, and Mn, respectively, per 
kilogram of dry matter. This level of supplementation, 
together with the basal level present in forages and feed 
ingredients, resulted in a total average supply of 19, 79, 
and 84 mg of Cu, Zn, and Mn, respectively, per kilogram 
of dry matter. Cows had ad libitum access to a total 
mixed ration, which provided 15.3% of crude protein, 
21.7% of starch, and 35.3% of neutral detergent fiber 
(NDF). Data were summarized by period with trace 
minerals and period as fixed effects and the repeated 
cow as random effect using the MIXED procedure of 
SAS (SAS Institute Inc., Cary, NC). Apparent total-
tract NDF and crude protein digestibility was reduced 
(−0.8% and −1.0%, respectively) when organic chelate 
trace minerals were fed, whereas apparent total-tract 
NDF digestibility was improved (+0.8%) when sulfate 
trace minerals were replaced by hydroxychloride trace 
minerals. Cows supplemented with the hydroxychloride 

source had lower ruminal butyric acid concentration 
compared with cows fed sulfate trace minerals (13.3 vs. 
14.6%). In addition, fat- and protein-corrected milk and 
milk fat yields were improved (+1.0 kg/d and +51 g/d, 
respectively) in multiparous cows when trace minerals 
were supplemented as hydroxychloride compared with 
sulfate. These effects were not observed in primiparous 
cows. These results confirm that trace mineral sources 
affect apparent total-tract digestibility and indicate 
that milk productivity may also be affected.
Key words: rumen fermentation, milk fat yield, 
hydroxychloride, organic chelate

INTRODUCTION

Trace minerals such as Cu, Zn, and Mn are essen-
tial to life, and their deficiencies in livestock result 
in health deterioration (Suttle, 2010). In an effort to 
prevent such deficiencies, dairy cows are commonly 
supplemented with Cu, Zn, and Mn. Various sources of 
trace minerals are used for this purpose, with inorganic 
sources (oxides, chlorides, sulfates, and carbonates) be-
ing the most commonly supplemented to dairy cows. 
Alternative sources such as organically complexed trace 
mineral supplements are specifically developed to pro-
vide greater nutritional bioavailability. Therefore, an 
important body of research has focused on determining 
the difference in bioavailability between trace mineral 
sources (e.g., Henry et al., 1992; Rojas et al., 1995; 
Ward et al., 1996). It is therefore rather well estab-
lished that chemical characteristics (i.e., type of ligand 
or affinity constant between a complex and the metal) 
affect mineral solubility in different gut compartments, 
which in turn translates to nutritional availability of 
the metal for absorption. Consequently, a common 
practice in trace mineral supplementation has been 
to replace a part of inorganic trace minerals (mostly 
sulfates) with organic trace minerals (e.g., between 20 
and 50% replacement).

Several studies have reported that apparent total-
tract NDF digestibility was improved when Cu, Zn, and 
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Mn sulfates were replaced by hydroxychloride forms of 
these minerals (Faulkner and Weiss, 2017; Caldera et 
al., 2019; Guimaraes et al., 2019, 2020; Miller et al., 
2020). The lower ruminal solubility of hydroxychloride 
Zn and Cu compared with ZnSO4 and CuSO4 (Caldera 
et al., 2019) has been hypothesized as the main cause 
of the digestibility response reported. The proposed 
mode of action arises from evidence that in vitro cel-
lulose digestion is negatively affected by increases in 
soluble Zn and Cu (Sala, 1957; Hubbert et al., 1958; 
Martinez and Church, 1970). Something far less un-
derstood is the effect of organic trace mineral sources 
on apparent total-tract digestibility, in particular when 
they are supplied in combination with other sources, 
which is the practical reality of their application. The 
present study aimed to evaluate the effect of different 
applied trace mineral strategies on apparent total-tract 
digestibility and dairy performance, comparing several 
combinations of Cu, Zn, and Mn sources.

MATERIALS AND METHODS

This study was conducted between October 2017 and 
January 2018 at the Dairy Research Facility of Trouw 
Nutrition Research and Development (Kempenshof, 
Boxmeer, the Netherlands). All procedures described 
in this article complied with the Dutch Law on Ex-
perimental Animals, which complies with the Directive 
2010/63/EU of the European Parliament and of the 
Council of 22 September 2010 (http: / / data .europa .eu/ 
eli/ dir/ 2010/ 63/ oj) and were approved by the animal 
welfare authority (DEC Utrecht, the Netherlands).

Animals and Experimental Design

In total, 52 Holstein Friesian cows (28 multiparous 
with average parity of 2.9 ± 1.2, and 24 primiparous) 
were used in this experiment, with an average (±SD) 
DIM of 188 ± 47, BW of 625 ± 76 kg, and BCS (1-to-5 
scale) of 3.06 ± 0.36. Four of the multiparous cows were 
fitted with rumen cannula (10-cm i.d.; Bar-Diamond, 
Parma, ID), and all cows were housed in a slatted-floor 
freestall barn and had free access to water at all times.

The experiment was designed as a replicated 4 × 4 
Latin square with 4 periods of 21 d. Each period con-
sisted of 17 d of adaptation and 4 d of measurements. 
Cows were assigned to blocks (n = 13) consisting of 4 
animals according to parity, fat- and protein-corrected 
milk (FPCM), DMI, and DIM based on the average 
during the 28 d before the beginning of the experi-
ment. The rumen-fistulated animals formed one block. 
Within each block, cows were randomly assigned to 1 
of 4 treatment sequences.

Experimental Diets and Feeding

As depicted in Figure 1, the 4 treatments consisted 
of different supplements of Cu, Zn, and Mn in the 
diet: 100% sulfate form (STM100; CuSO4, ZnSO4, 
and MnSO4); 100% hydroxychloride form (HTM100; 
IntelliBond C, Z and M, Trouw Nutrition, Amersfoort, 
the Netherlands); 70% sulfate form with 30% organic 
chelate forms (STM70/OTM30; Optimin, Trouw 
Nutrition); and 70% hydroxychloride with 30% organic 
chelate (HTM70/OTM30). Treatments were formu-
lated to provide 15, 40, and 20 mg of supplemental Cu, 
Zn, and Mn, respectively, per kilogram of DM. This 
level of supplementation, together with background 
level present in forages and feed ingredients, resulted in 
a total average supply of 19, 79, and 84 mg of Cu, Zn, 
and Mn, respectively, per kilogram of DM. Cows had ad 
libitum access to a TMR comprising (% of DM) 32.8% 
mash compound feed, 31.6% maize silage, 31.6% grass 
silage, and 4.0% grass hay (full ingredient composition 
presented in Table 1). Treatments were included in the 
mash compound feed to form 4 unique feeds. The TMR 
were mixed and fed once daily between 0900 and 1000 
h in electronic forage feeders (Insentec, Marknesse, the 
Netherlands) after removal of orts. Each experimental 
compound feed and all forages were analyzed sepa-
rately for chemical composition, macrominerals, and 
trace minerals, and diet compositions were calculated 
(see Table 2). On average, the diets provided 15.3% CP, 
21.7% starch, and 35.3% NDF.

Sampling and Chemical Analyses

Milk Yield and Composition. Cows were milked 
twice daily at 0500 and 1700 h. Milk yields were re-
corded automatically at each milking. Milk was sam-
pled on Tuesday and Thursday morning and Monday 
and Wednesday evening between d 18 and 21 of each 
experimental period. Samples were collected in tubes 
containing sodium azide and bronopol as preservatives 
and stored at 4°C. Morning samples as well as evening 
samples were pooled by weighting each individual sam-
ple proportionally to yield per milking. Samples were 
analyzed for fat, CP, lactose, and urea (Qlip, Deventer, 
the Netherlands) using a Foss Milkoscan FT6000 (Foss, 
Hillerød, Denmark; ISO, 2013). Somatic cell count 
was analyzed in the same sample using a Fossomatic 
FC/5000 (Foss; ISO, 2006). The FPCM yield (corrected 
to 4.0% fat and 3.3% protein; kg/d) was calculated as 
milk yield (kg/d) × [0.377 + 0.116 × fat (%) + 0.06 × 
protein (%)].

Rumen VFA and Ammonia. Rumen fluid sam-
ples (100 mL) were collected from each fistulated cow 
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on Tuesday and Thursday at 0700 and 1300 h and on 
Wednesday at 0900 and 1430 h in the last 3 d of each 
period. Rumen fluid (8 mL) was pipetted into 10-mL 
tubes containing 0.2 mL of 1 M H2SO4. All samples 
were stored at −18°C until further analysis. Samples 
were first pooled within period by cow before the analy-
sis for ammonia and VFA.

Ruminal VFA analysis was performed through 
separation and quantification by GC (capillary column 
TR-FFAP, 30 m × 0.53 mm × 1 μm; Perkin Elmer Au-
tosystem XL, Groningen, the Netherlands). Ammonia 

concentrations in rumen fluid sample were measured by 
indophenol colorimetric absorbance using a spectropho-
tometer (Ultrospec 500 Pro; Amersham Biosciences, 
Barcelona, Spain) at 625-nm wavelength.

Feeds and Feces. Grab fecal samples (150 g) were 
collected from each cow on Tuesday and Thursday at 
0700 and 1300 h and on Wednesday at 0900 and 1430 
h in the last 3 d of each period. Pooled samples per pe-
riod and cow were analyzed for DM, ash, CP, NDF, and 
ADF. On the last day of each period, mash compound 
feed and forages were sampled and stored at −18°C 
until further analysis. Samples of mash compound feed 
and forages (maize and grass silages, grass hay) were 
analyzed for DM, ash, CP, crude fat, NDF, ADF, ADL, 
starch (mash compound feed and maize silage only), 
sugar, and mineral content (K, Ca, P, Mg, Cl, Na, Fe, 
Cu, Zn, Mn, Mo, I, Co, and Se).

All samples were processed and analyzed at Master-
lab (Boxmeer, the Netherlands). The DM content was 
determined by drying to a constant weight in a 103°C 
stove for 4 h (EC 152/2009; European Commission, 
2009). Crude ash was analyzed by incineration in a 
muffle furnace by combustion for 4 h at 550°C (EC 
152/2009; European Commission, 2009). Crude fat was 
determined by treating the sample with hydrochloric 
acid and then extracting with petroleum (EC 152/2009; 
European Commission, 2009). Crude protein content 
was analyzed by combustion according to the Dumas 
method (ISO 16634-1; ISO, 2008), and NDF, ADF, and 
ADL were analyzed using the Ankom200 Fiber Ana-
lyzer (Ankom Technology, Fairport, NY). Starch was 
determined enzymatically using amyloglucosidase (ISO 
15914; ISO, 2004). Sugar was determined according 
to the Luff-Schoorl method and expressed as glucose 
(71/250/EEC; European Commission, 1971). Mineral 
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Figure 1. Schematic representation of experimental treatments. Treatments included 4 sources of supplemental Zn, Cu, and Mn. STM100 = 
100% ZnSO4, CuSO4, and MnSO4; HTM100 = 100% hydroxychloride Zn, Cu, and Mn (IntelliBond C, Z and M; Trouw Nutrition, Amersfoort, 
the Netherlands); STM70/OTM30 = 70% CuSO4, ZnSO4, and MnSO4 and 30% organic Zn, Cu, and Mn (Optimin, Trouw Nutrition); HTM70/
OTM30 = 70% hydroxychloride Zn, Cu, and Mn and 30% organic Zn, Cu, and Mn.

Table 1. Ingredient composition (% of DM) of the TMR

Item Value

Maize silage 31.60
Grass silage 31.60
Grass hay 4.00
Wheat, 11% CP 10.02
Soybean meal, 48% CP 5.41
Maize, 8% CP 5.02
Rapeseed meal, solvent extraction, 33.5% CP 3.28
Formaldehyde-treated rapeseed meal 3.28
Formaldehyde-treated soybean meal 2.32
Candy syrup 1.20
Calcium salts of palm fatty acids1 0.90
Limestone, 37% Ca 0.38
Sodium bicarbonate 0.29
Experimental trace mineral premix2 0.26
Magnesium oxide 0.17
Urea 0.16
Titanium oxide3 0.08
1Megalac (Church and Dwight Co. Inc., Ewing, NJ).
2Four unique premixes were used, differing in the source of trace min-
eral supplement. Targeted supplementation (per kg of DM): 15 mg Cu, 
40 mg Zn, 20 mg Mn, 0.35 mg I, 0.20 mg Se, 0.15 mg Co, 3,000 IU 
vitamin A, 700 IU vitamin D, and 10 IU vitamin E.
3Titanium oxide was added in the mash compound feed to serve as 
an indigestible marker for estimating digestibility. Unfortunately, an 
analytical issue prevented its use.
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content (Na, K, Ca, P, and Mg) was analyzed using 
inductively coupled plasma MS (ICP-MS 300D, Perki-
nElmer, Waltham, MA) according to NEN-EN 15510 
(European Union, 2017). Chloride was analyzed by col-
orimetric analyses based on the improved Fried method 
using mercuric 2,4,6-tripyridyl-s-triazine (DICL-250, 
BioAssay Systems, Hayward, CA).

Indigestible NDF as Internal Marker

To estimate fecal excretion, indigestible NDF (iNDF) 
was used as an internal marker. Samples of feed and fe-
ces were milled (2 mm), weighted, and placed in bags of 
25-μm pore size (Ankom F57; Ankom Technology) that 
were subsequently sealed, and incubated in the rumen 
for 336 h for quantification of the iNDF fraction. Each 
sample was incubated in 3 different fistulated cows fed 
the same diet as presented in Table 1. Neutral deter-
gent fiber was then analyzed using the Ankom200 Fiber 
Analyzer (Ankom Technology), and averages were used 
for subsequent calculation. Fecal DM excretion (DMF) 
was calculated as (% iNDF feed × DMI)/(% iNDF fe-
ces). Dry matter, CP, NDF, and ADF digestibility was 
calculated as (CONfeed × DMI − CONfeces × DMF)/
(CONfeed × DMI), where CONfeed and CONfeces are 
concentrations (in %) of nutrients in feeds and feces, 

respectively. Titanium was intended to be used as an 
indigestible marker for estimating digestibility in the 
first place, and titanium dioxide was therefore added to 
the mash compound feeds. Unfortunately, an analytical 
issue prevented its use, and iNDF was used instead.

Statistical Analysis

For individual cows, all data were averaged per pe-
riod. Dry matter intake, milk yield, FPCM, milk com-
ponent yields and contents, and apparent total-tract 
digestibility were analyzed with PROC MIXED of SAS 
9.4 (SAS Institute Inc., Cary, NC) according to the 
following model:

 Yijklm = μ + Treati + Parityj + Treati × Parityj   

 + Periodk + Blockl + Cowm + εijklm, [1]

in which Y is the dependent variable, μ is the overall 
mean, and εijklm is the residual error. The model in-
cluded the fixed effects of treatment (Treati; i = 1 to 4) 
and period (Periodk; k = 1 to 4) and the random effects 
of cow (Cowm; m = 1 to 52) and block (Blockl; l = 1 to 
13). Additionally, the effect of parity and the interac-
tion between treatment and parity (Parityj; j = 1 to 2) 
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Table 2. Analyzed chemical composition (% of DM unless noted) of the TMR

Item

Treatment1

STM100 HTM100 STM70/OTM30 HTM70/OTM30

Gross energy (MJ/kg of DM) 17.8 17.8 17.8 17.8
DM 58.4 58.4 58.4 58.4
OM 92.8 92.8 92.6 92.9
CP 15.3 15.3 15.3 15.2
NDF 35.4 35.3 35.0 35.3
ADF 19.7 19.5 19.5 19.5
ADL 2.4 2.4 2.4 2.4
Starch 21.6 21.8 21.6 21.7
Sugar 2.9 3.0 3.1 3.0
Crude fat 3.8 3.5 3.7 3.7
K 1.54 1.53 1.54 1.53
Ca 0.57 0.53 0.55 0.52
P 0.36 0.35 0.35 0.35
Mg 0.28 0.27 0.27 0.27
Cl 0.27 0.27 0.27 0.27
Na 0.13 0.12 0.12 0.13
Fe (mg/kg of DM) 174 166 171 172
Cu (mg/kg of DM) 21 19 18 19
Zn (mg/kg of DM) 80 79 77 81
Mn (mg/kg of DM) 86 84 82 84
Mo (mg/kg of DM) 1.6 1.6 1.6 1.6
I (mg/kg of DM) 0.55 0.56 0.46 0.51
Co (mg/kg of DM) 0.13 0.19 0.13 0.17
Se (mg/kg of DM) 0.40 0.46 0.46 0.43
1STM100 = 100% supplemental Cu, Zn, and Mn from sulfate form; HTM100 = 100% supplemental Cu, Zn, 
and Mn from hydroxychloride form; STM70/OTM30 = 70 and 30% supplemental Cu, Zn, and Mn from sulfate 
and organic chelate forms, respectively; HTM70/OTM30 = 70 and 30% supplemental Cu, Zn, and Mn from 
hydroxychloride and organic chelate forms, respectively.
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were tested. When P ≤ 0.10, Model 1 was run sepa-
rately for primiparous and multiparous cows (without 
Parityj + Treati × Parityj). If not, the effect of parity 
and the interaction with treatment were removed from 
the model. Although the effect of parity is confounded 
within block (6 blocks were made of primiparous cows 
and 7 blocks were made of multiparous cows), including 
parity in the model moves part of the variance from 
the block effect to the parity effect and allows us to 
evaluate whether the response to the treatment differs 
between parity group. For rumen VFA and ammonia, 
the model was as follows:

 Yikm = μ + Treati + Periodk + Cowm + εikm. [2]

Orthogonal contrasts were used to assess inclusion of 
improved trace mineral sources. The HTM contrast 
evaluates the inclusion of hydroxychloride trace miner-
als (HTM100 and HTM70/OTM30 vs. STM100 and 
STM70/OTM30), and the OTM30 contrast evaluates 
the inclusion of organic trace minerals (HTM70/OTM30 
and STM70/OTM30 vs. HTM100 and STM100).

RESULTS AND DISCUSSION

Apparent Total-Tract Digestibility

Total fecal output was estimated using iNDF as an 
indigestible marker. Several comparisons between the 
use of this marker and the gold standard method, the 
total collection, have been published (Huhtanen et 
al., 1994; Lee and Hristov, 2013; Morris et al., 2018). 
Critical factors, such as pore size of the bag in which 
samples are incubated in the rumen (Huhtanen et al., 
1994) and the fecal sampling frequency (Morris et al., 
2018), have been shown to affect digestibility estima-
tion from iNDF. Based on the results from Huhtanen 
et al. (1994) and Morris et al. (2018), the 25-μm pore 
size of the bag used in this study would appear ideal. In 

total, 6 spot feces samples were collected per cow per 
period as recommended by Morris et al. (2018), albeit 
not evenly spaced. Overall, although iNDF appears to 
be a reliable digestibility marker, significant interac-
tions were found between diet and markers (iNDF vs. 
total collection; Huhtanen et al., 1994; Lee and Hristov, 
2013; Morris et al., 2018). Therefore, as from any other 
study using indigestible markers, the results found in 
this study have to be interpreted with caution.

Apparent total-tract nutrient digestibility is present-
ed in Table 3. Two significant notable effects were ob-
served. The first was that the inclusion of organic trace 
minerals reduced apparent total-tract CP and NDF 
digestibility by an average of 1.0 and 0.8%, respectively 
(P < 0.05). Organic trace mineral supplementation 
tended to lower (P < 0.10) DM and ADF digestibility. 
Studies that have reported the effect of organic trace 
minerals on nutrient digestibility are scarce and show 
contrasting results. A study with lambs (VanValin et 
al., 2018) reported lower DM and NDF digestibility 
with organic Zn compared with hydroxychloride Zn or 
Zn sulfate. In contrast, Guimaraes et al. (2020) ob-
served an increase in digestibility of NDF and ADF 
when steers fed a dairy diet were supplemented Zn, Cu, 
and Mn as organic chelate or hydroxychloride compared 
with sulfate. In another study using growing heifers, no 
effect was observed on apparent total-tract digestibility 
when organic and sulfate trace minerals were compared 
at various level of starch (Pino and Heinrichs, 2016).

The second notable effect observed in the current 
study was the improvement in NDF digestibility (+0.8%, 
P = 0.03) when sulfate trace minerals were replaced by 
hydroxychloride trace minerals Several studies have re-
ported the effects of full replacement of Zn, Cu, and Mn 
provided by sulfate supplements with hydroxychloride 
supplements on apparent total-tract digestibility of DM 
and NDF (Faulkner and Weiss, 2017; Caldera et al., 
2019; Guimaraes et al., 2019, 2020; Miller et al., 2020). 
Figure 2 summarizes the difference in DM and NDF 

Daniel et al.: TRACE MINERALS AND DIGESTIVE FUNCTION

Table 3. Effect of trace mineral source on apparent total-tract digestibility (%)

Item

Treatment1

SEM

P-value2

STM100 HTM100 STM70/OTM30 HTM70/OTM30 HTM OTM30

DM 68.2 68.5 68.0 68.1 0.2 0.32 0.09
OM 71.1 71.4 70.8 71.0 0.3 0.19 0.12
CP 61.3 60.5 59.9 59.8 0.4 0.14 <0.01
NDF 49.7 50.6 48.9 49.6 0.4 0.03 0.02
ADF 42.8 43.3 42.3 42.1 0.5 0.69 0.07
1STM100 = 100% supplemental Cu, Zn, and Mn from sulfate form; HTM100 = 100% supplemental Cu, Zn, and Mn from hydroxychloride form; 
STM70/OTM30 = 70 and 30% supplemental Cu, Zn, and Mn from sulfate and organic chelate forms, respectively; HTM70/OTM30 = 70 and 
30% supplemental Cu, Zn, and Mn from hydroxychloride and organic chelate forms, respectively.
2HTM = contrast between HTM100 and HTM70/OTM30 vs. STM100 and STM70/OTM30; OTM30 = contrast between STM100 and HTM100 
vs. STM70/OTM30 and HTM70/OTM30.
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digestibility reported in these studies, including results 
observed in the current study. An average significant 
increase in NDF digestibility of 2.5% was observed 
across these studies. Similarly, a positive improvement 
in DM digestibility, albeit not significant, was also con-
sistently observed across all of those studies. Improved 
digestibility between sulfate and hydroxychloride trace 
minerals may be attributed to differences in Zn and 
Cu solubility in the rumen. Indeed, rumen solubility of 
Zn and Cu from hydroxychloride supplements has been 
shown to be reduced compared with Zn and Cu sulfate 
(Genther and Hansen, 2015; Caldera et al., 2019; Gui-
maraes et al., 2019). A lower ruminal solubility may be 
a positive characteristic of a trace mineral source as it 
would potentially reduce the bioavailability of Zn and 
Cu to rumen microorganisms. Indeed, in vitro, it is well 
established that adding Zn sulfate and Cu sulfate to 
either a washed suspension of rumen microorganisms 
(Hubbert et al., 1958; Martinez and Church, 1970) or 
a rumen fluid solution (Sala, 1957) impaired cellulose 
digestion, whereas addition of Mn sulfate had no ef-
fect. The amount of available Zn and Cu in the ru-
men may therefore be the key factor explaining the 
effect observed in vivo on total-tract digestibility. In 
a complex environment such as the rumen, numerous 
aspects may influence the amount of available Zn and 
Cu, therefore influencing the magnitude of the effect on 
digestibility, when sulfate trace minerals are replaced 
by the hydroxychloride form.

Trace mineral bioavailability to microbes is influenced 
by metal solubility and stability of the metal complex 

in the rumen. Therefore, factors affecting solubility, 
such as pH and presence of soluble (e.g., AA) and in-
soluble (e.g., thiomolybdate for Cu) ligands, can be ex-
pected to influence the bioavailable pool of Zn and Cu 
to rumen microorganisms. In vitro, those effects were 
nicely illustrated with the example of Cu (Ward and 
Spears, 1993; Spears et al., 2004). In particular, chela-
tion strength of ligand metal interactions is expected 
to influence these effects. For example, in toxicology, 
it is generally accepted that the same concentration of 
Cu in a solution is less toxic to living cells when strong 
soluble chelators such as EDTA are present (Anderson 
and Morel, 1978). Therefore, it might be expected that 
ruminal conditions may play a large role in explain-
ing the magnitude of digestibility response when Cu 
or Zn sulfate are added. As an example, it was quite 
remarkable to see that the addition of 95 mg of Cu/
kg of DM in lambs depressed DM digestibility by 7.8% 
when sulfur was added as sulfate but not when the 
same amount of sulfur was added as elemental sulfur 
(Goodrich and Tillman, 1966). A better quantitative 
understanding of metal speciation in the gut would be 
very useful to better understand the bioavailability of 
metals to microorganisms but also to the host.

Rumen Fermentation

No differences were observed in concentrations of to-
tal VFA, ruminal ammonia, or molar proportions of in-
dividual VFA except for butyric acid, which was higher 
(P = 0.02) for diets containing sulfate supplements 
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Figure 2. Overview of published studies reporting effects of replacing sulfate Cu, Zn, and Mn with hydroxychloride Zn, Cu, and Mn on ap-
parent total-tract DM and NDF digestibility in dairy and beef animals. The ∆ represents the difference between apparent total-tract DM and 
NDF digestibility reported for cows fed hydroxychloride Zn, Cu, and Mn compared with cows fed sulfate Cu, Zn, and Mn.
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compared with hydroxychloride supplements (Table 4). 
Interestingly, higher ruminal butyric acid concentration 
for diets supplemented with sulfate compared with hy-
droxychloride was also observed in a study with steers 
(Guimaraes et al., 2019). Effects on concentration of 
butyric acid in the rumen were also reported in growing 
heifers when sulfate trace minerals were replaced by 
organic trace minerals (Zn, Cu, Mn, and Se; Pino and 
Heinrichs, 2016). In this case, a greater concentration 
of butyric acid was observed in heifers fed organic trace 
minerals. Such effect was not observed in our study 
when 30% of sulfate or hydroxychloride was replaced by 
organic trace minerals. Overall, such changes in butyr-
ate concentration demonstrate that mineral source may 
affect rumen fermentation. Further evidence of such ef-
fects has been reported with total VFA concentration. 
Schaeffer (2006) reported greater total VFA for growing 
steers fed diets containing 90 mg/kg Zn from hydroxy-
chloride Zn compared with ZnSO4. However, total VFA 
were lower when the finishing diets were supplemented 
with 30 mg/kg hydroxychloride Zn compared with sul-
fate ZnSO4. In the current study, total concentration of 
VFA was not different among treatments.

Milk Yield and Composition

The results observed in our study are presented in 
Table 5. An interaction of parity and treatment was ob-
served for FPCM and milk fat yield (P < 0.10); there-
fore, results for these are also presented by parity. Over-
all, no effects were observed when 30% of supplemental 
trace minerals were fed as organic chelate. However, 
increases were observed for milk fat yield (+51 g/d, P = 
0.03) and FPCM (+1.0 kg/d, P = 0.04) of multiparous 
cows associated with the replacement of sulfate with 
hydroxychloride trace minerals. These effects were not 

observed in previous lactating cow studies with compa-
rable experimental treatments (Faulkner et al., 2017; 
Miller et al., 2020) despite greater response in apparent 
total-tract NDF digestibility reported compared with 
our study. Nevertheless, changes in OM or NDF digest-
ibility or both may not necessarily be the only factors 
affecting the presence or absence and potential size of 
milk responses. For instance, in pigs, it was shown that 
50% replacement of Zn sulfate by organic Zn mitigated 
some of the negative effects of heat stress (i.e., higher 
ileum integrity, lower blood endotoxin concentration; 
Pearce et al., 2015). Therefore, a potential additional 
factor could be related to the way the metal complex 
would interact directly or indirectly with gut health. 
Interestingly, when dairy cows were subjected to vari-
ous degree of heat stress, with temperature-humidity 
indices of 72.5 and 77.7, there was a tendency in cows 
supplemented with hydroxychloride Zn for an increase 
in milk fat yield of 130 and 20 g/d at the lowest and 
highest temperature-humidity indices, respectively, 
compared with cows supplemented with organic Zn (P 
= 0.07; Weng et al., 2018). Although there was no in-
dication that gut health was particularly compromised 
in the current study, the effect of trace minerals on gut 
integrity may play a role in the milk fat yield response 
observed. Further studies are needed to support this 
hypothesis.

Experimental power of many dairy cow studies, often 
restricted to a small number of animals, may also limit 
the ability to detect milk yield response, especially 
when the expected effect is small. The meta-analysis 
from Rabiee et al. (2010) was an interesting example to 
quantitatively summarize the literature about the effect 
of supplementing cows with organic trace minerals on 
milk production and reproduction. In this study, in-
creases in milk yield and milk fat and protein yields as 
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Table 4. Effect of trace mineral source on ruminal VFA and ammonia concentrations of ruminally cannulated multiparous cows (n = 4)

Item

Treatment1

SEM

P-value2

STM100 HTM100 STM70/OTM30 HTM70/OTM30 HTM OTM30

Total VFA (mM) 77.8 82.6 82.9 87.4 6.0 0.42 0.39
Individual VFA (mol/100 mol)        
 Acetate 54.8 53.0 54.7 54.7 1.9 0.65 0.68
 Propionate 16.9 17.5 16.7 17.0 0.6 0.42 0.46
 Butyrate 14.8 13.5 14.3 13.1 0.9 0.02 0.29
 Isobutyrate 2.8 2.0 2.4 2.8 0.5 0.73 0.70
 Valerate 1.3 1.4 1.3 1.3 0.1 0.84 0.68
 Isovalerate 1.3 1.2 1.2 1.2 0.2 0.77 0.68
Acetate: propionate ratio 3.24 3.06 3.28 3.23 0.12 0.18 0.23
N-NH3 (mg/100 mL) 6.7 8.4 7.4 8.5 0.9 0.13 0.65
1STM100 = 100% supplemental Cu, Zn, and Mn from sulfate form; HTM100 = 100% supplemental Cu, Zn, and Mn from hydroxychloride form; 
STM70/OTM30 = 70 and 30% supplemental Cu, Zn, and Mn from sulfate and organic chelate forms, respectively; HTM70/OTM30 = 70 and 
30% supplemental Cu, Zn, and Mn from hydroxychloride and organic chelate forms, respectively.
2HTM = contrast between HTM100 and HTM70/OTM30 vs. STM100 and STM70/OTM30; OTM30 = contrast between STM100 and HTM100 
vs. STM70/OTM30 and HTM70/OTM30.
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well as a reduction in days open and number of services 
per conception were reported for cows fed organic trace 
minerals. Larger scale studies (e.g., Bach et al., 2015) 
may offer better opportunity to describe the full effect 
of trace mineral supplementation strategy on overall 
herd performance (health, productivity, and reproduc-
tion).

CONCLUSIONS

This study evaluated the influence of different trace 
mineral supplementation strategies, comparing different 
sources of Zn, Cu, and Mn. Adding organic trace miner-
als decreased apparent total-tract CP and NDF digest-
ibility but had no effect on milk yield and composition. 
In contrast, apparent total-tract NDF digestibility was 
increased when sulfate trace minerals were replaced by 
hydroxychloride trace minerals. Such replacement also 
caused a decrease in ruminal butyric acid concentration 
and, in multiparous cows, an increase in milk fat yield 
and FPCM.
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