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ABSTRACT: A meta-analysis of the impact of 
monensin on growing and fi nishing beef cattle was 
conducted after a search of the literature. A total of 40 
peer-reviewed articles and 24 additional trial reports 
with monensin feeding in beef cattle were selected, 
after meeting apriori quality criteria. Data for each trial 
were extracted and analyzed using meta-analysis soft-
ware in STATA. Estimated effect size of monensin was 
calculated for feed effi ciency (FE), ADG, and DMI. 
Monensin use in growing and fi nishing beef cattle 
reduced DMI (P < 0.001) and improved both ADG (P 
< 0.001) and FE (P < 0.001). The average concentra-
tion of monensin in feed across studies was 28.1 mg/
kg feed (100% DM) and this resulted in approximate-
ly a 6.4% (but only 2.5 to 3.5% in the last 2 decades) 
increase in FE, 3% decrease in DMI, and 2.5% increase 
in ADG. All 3 outcomes displayed moderate and sig-
nifi cant heterogeneity of monensin response (I2, which 
is a measure of variation beyond chance, = 29% for FE, 
42% for DMI, and 23% for ADG); therefore, random 
effects models were used for those outcomes. There 
were no single infl uential studies that overweighted the 

fi ndings for any outcome. Meta-regression analysis of 
the effect sizes obtained from these data showed that 
dietary factors, dose, and study design were infl uential 
in modifying effect size of monensin treatment. Use 
of corn silage in the diet infl uenced the effect size of 
monensin for DMI and FE, with diets containing corn 
silage resulting in a greater improvement in FE and a 
larger effect on reducing DMI. Studies conducted to 
assess multiple doses of monensin showed similar 
effects to the use of corn silage in the diet. Studies 
conducted in the United States or with higher ADG 
in control animals (>1.17 kg/d) showed less effect of 
monensin on ADG. Pen-level studies showed a greater 
monensin increase on ADG than did those conducted 
on individual animals. Linear effect of monensin dose 
was observed for FE, DMI, and ADG outcomes, with 
greater effects on improving FE and reducing DMI 
with larger doses of monensin but lesser improvement 
in ADG with increasing dose. These fi ndings confi rm 
that monensin improves FE in growing and fi nishing 
beef cattle, and that this effect is linear with dose.
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INTRODUCTION

Monensin is a carboxylic polyether ionophore 
(Haney and Hoehn, 1967) provided to cattle orally as a 
sodium salt. Monensin selectively inhibits Gram-positive 
bacteria, thereby impacting ruminant metabolism by in-
creasing effi ciency of energy metabolism, improving 
nitrogen metabolism, and reducing bloat and lactic aci-
dosis risk (Schelling, 1984). Monensin changes the ratio 
of VFA in the rumen, increasing propionic acid produc-

tion and reducing molar percentages of butyric and acetic 
acids (Richardson et al., 1976; Prange et al., 1978), thus 
providing more energy from feed to the animal through 
increased glucose supply. Increased production of propi-
onic acid from the rumen increases hepatic gluconeogenic 
fl ux (Lomax et al., 1979; Baird et al., 1980).

The reported impacts of monensin since its ap-
proval for feedlot cattle in the mid-1970s on feed ef-
fi ciency (FE), ADG, and DMI have not always been 
consistent. For example, many studies have found mo-
nensin to signifi cantly improve FE (Steen et al., 1978; 
Horton et al., 1981), whereas some studies have not 
found signifi cant effects on FE (Horton, 1984; Yang et 
al., 2010). Meta-analysis can be used to both summa-
rize effects of treatment across studies and investigate 
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factors explaining potential heterogeneity of response. 
Meta-analysis has been extensively used to assess treat-
ment effects in human health care (Egger et al., 2001). 
Recent examples of meta-analysis used in animal sci-
ence and veterinary literature include a meta-analyses 
of dietary predictors of milk fever (Lean et al., 2006), 
impact of bovine ST on production and health (Dohoo 
et al., 2003a), and impact of monensin in dairy cattle 
(Duffi eld et al., 2008a,b,c). The purpose of this study 
was to describe the effect of monensin on DMI, ADG, 
and FE in growing and fi nishing beef cattle, using meta-
analytic methods to describe its impact and help explain 
differences in responses among studies.

MATERIALS AND METHODS

A literature search and screening process was ini-
tially conducted using Pubmed, Agricola, CAB, and 
Google Scholar search engines to create a data set of 
monensin articles using the keywords: “monensin and 
cattle” or “monensin and cow or monensin and steer.” 
No date restrictions were placed on the search engines, 
thus encompassing the entire time monensin has been 
available for research in cattle (since 1972). In addition, 
Elanco Animal Health was asked for unpublished re-
ports that might be used for this analysis. All trial reports 
(reports) and peer-reviewed articles (papers) were ini-
tially screened for acceptability by determining whether 
the research was conducted on growing and fi nishing 
beef cattle. Initial screening of trial reports and papers 
was conducted by 2 individuals. All other rejections 
and inclusions were reviewed by 1 of the authors and 
confi rmed by the other 2 authors. There were 360 peer-
reviewed papers and 600 trial reports (searched through 
the Elanco archive of research reports) that were ini-
tially identifi ed. After discarding papers that were obvi-
ously not beef research, a starting data set of 114 peer-
reviewed papers was achieved. In addition, 203 eligible 
trial reports were retrieved from the Elanco database.

Selection for Inclusion and Exclusion Criteria

For inclusion, papers or reports must have been con-
ducted on weaned growing and fi nishing beef cattle. Ei-
ther steers or heifers were included, but bulls and cows 
were excluded. Thus, all review papers and reports (n = 
19), and nontarget species papers and reports, such as re-
search on dairy cows, dairy heifers, and preweaned calves 
(n = 30), were excluded. An extensive number of research 
reports (n = 101) and some peer-reviewed studies (n = 
15) did not contain suffi cient information to conduct a 
meta-analysis from the data. Each treatment (control and 
monensin) required reporting of the number of units of 
concern per treatment, mean for the treatment, and either 

a measure of dispersion or a P-value. Many of the rejected 
studies did not provide measures of dispersion associated 
with the study outcomes that would have allowed inclu-
sion of data in the analysis. If there was no measure of dis-
persion reported but a P-value was included, these papers 
were retained and SE were estimated. Similarly, many of 
the rejected Elanco archive trial reports were summary re-
ports of several trials and, therefore, contained insuffi cient 
statistical data to extract for analysis. Studies were initially 
required to be randomized trials (completely randomized, 
complete block, or factorial designs) to be eligible for 
analysis but not necessarily blinded. However, there were 
several older trial reports (n = 4) and 2 peer-reviewed pa-
pers that were otherwise acceptable but randomization of 
treatments was not indicated in the methods. These data 
were included in analysis and because their inclusion was 
not found to be signifi cantly different from their omission 
in the fi nal regression model for FE, we elected to retain 
them for the analysis. There were 4 occurrences of dupli-
cate data that were excluded. This data screening process 
left 148 papers or trial reports to evaluate study quality for 
inclusion in the meta-analysis. Trials with cross-over and 
Latin square designs were excluded, due to small sample 
size and potential problems with rumen adaptation peri-
ods and suffi cient time for washout. Trials with a direct 
comparison of monensin treatment to another treatment 
(positive control), but without a negative control group, 
were excluded. Studies with only one replication per 
treatment or studies that were conducted at the pen level, 
but analyzed at the individual level, were also considered 
fl awed and excluded. There were 84 of these design fl aws 
or inappropriate design for the purpose of this meta-anal-
ysis that were equally split between papers and trial re-
ports. There were 64 papers and reports (40 papers and 24 
trial reports) of 148 eligible studies (43%) that provided 
useable data and appropriate measures of variance on the 
outcomes of interest. It was determined that in 61 out of 
64 papers, Rumensin (Elanco Animal Health, Greenfi eld, 
IN), which contained the active ingredient monensin, was 
the product used.

A template for data extraction was drafted; the tem-
plate included number of animals and/or number of pens 
per treatment group, mean, and SE. If the standard er-
ror was not published, it was either estimated from the 
exact P-values (Mederos et al., 2012) or other measures 
of variance, or the data were excluded. When a P-val-
ue was reported as less than a number (i.e., <0.05), the 
number was used as the P-value for the SE calculation. 
Other factors that infl uenced the outcomes of interest 
were included in the data extraction process, including 
type of study (factorial or not; multiple or single dose), 
treatment dose (mg/kg feed of DM), treatment duration, 
days on feed, breed, basic diet information (corn silage, 
corn, barley, forage percentage in diet), season at start 
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of trial, type of paper (peer-reviewed or not: Y/N), use 
of tylosin in the feed, sex (steers, heifers, or mixed), and 
starting BW on the study. Data for all the analytes mea-
sured in each study were extracted and entered into a 
spreadsheet.

Statistical Analysis

A meta-analysis was conducted on the extracted 
outcomes using Stata (Intercooled Stata V. 9.0, College 

for each parameter to estimate the effect size (ES), 95% 
CI

of ES. The ES estimate analysis was conducted using a 
standardized z statistic (also called a standardized mean 
difference) and allowed analysis that was independent of 
differences in unit measurement (e.g., pounds vs. kilo-
grams), is more robust when there is heterogeneity, and 
weights individual studies using SD for each treatment 
and sample size. More details on ES calculations have 

-
cant outcomes, unit of measurement was converted to 
kilograms to allow the calculation of weighted mean dif-
ferences (WMD) of treatment relative to control, where 
the weights used were the inverse of the variance in the 
differences in means.

Variation in experiment-level ES was assessed with 
a 2 test for heterogeneity (Egger et al., 2001). An a level 
of 0.10 was used because of the relatively low power 
of the 2 test to detect heterogeneity among the experi-
ments. Heterogeneity of results among trials was quan-

I2 statistic (Higgins et al., 2003). The 
I2 statistic describes the percentage of total variation 
across studies, which is due to heterogeneity rather than 
chance. Where Q is the 2 heterogeneity statistic and k is 
the number of trials, I2 was calculated as:

100)1(2

Q
kQI

Uncertainty intervals for I2 (dependent on Q and k) 
were calculated. Negative values of I2 were put equal to 
0. Consequently, I2 lie between 0% and 100%. A value 
greater >50% may be considered substantial heterogeneity.

If there was evidence of heterogeneity, a random ef-
fects model was used. A meta-regression analysis was 
subsequently used to explore the sources of heterogeneity 
of response, using the individual ES for each trial as the 
outcome and the associated SE of ES as the measure of 

-
ing individual variables, such as study characteristics, dose, 
days on feed, or diet factors, in a univariate regression with 
a liberal P-value cutoff of P = 0.25. Variables, such as dose 
and days on feed, were treated as continuous variables. 

Other variables were coded as present or absent, and were 
-

teria were entered into a backward stepwise regression 

at P < 0.05. Forest plots were used to visually display the 
ES, 95% CI, and study weights. Publication bias was in-
vestigated both graphically with funnel plots and statisti-
cally, using both Begg’s (Begg and Manumdar, 1994) and 

publication bias, the number of studies needed to reverse 
Fail-Safe n) was calculated based on 

-
ence of individual studies was assessed with the use of an 

-
vidual studies on the ES estimate (Dohoo et al., 2003b).

RESULTS

A summary of the studies used for the various meta-
analyses is provided in Table 1. There were 64 papers 
and reports containing 169 trials with monensin and 
performance outcomes. Of these, 51 papers reported on 
FE as kilograms of DMI per kilogram of BW gain, 10 
papers reported on FE as kilograms of BW gain per ki-
logram of DMI (FE inverse), and 3 papers did not report 
FE but provided either DMI or ADG. The FE value re-
ported in the majority of studies was the parameter cal-
culated, excluding any removed animals. Some studies 
contained a summary of 1 trial conducted on multiple 
trial sites, whereas other studies reported multiple tri-
als conducted at a single trial site. The mean dose of 
monensin was 28.1 mg/kg feed, with a range of 3 to 98 
mg/kg feed (Figure 1). A summary of all meta-analysis 

all the trials analyzed, monensin decreased DMI (WMD 
= –0.268 kg, ES = –0.72, P = 0.001) and increased ADG 
(WMD = +0.029 kg/d, ES = +0.29, P = 0.0001). Monen-
sin improved FE marked by a reduction in kilograms of 
DMI per kilogram of gain (WMD = –0.53 kg DMI per 
kilogram BW gain, ES= –0.93, P = 0.001). The meta-
analysis of the 32 trials reporting FE inverse showed 
an increase in kilograms of BW gain per kilogram of 
DMI. (WMD +0.002 kg BW gain per kilogram DMI, 
ES = +0.212, P = 0.048) Although forest plots are often 
a useful graphic display of data for meta-analysis, the 
number of trials involved in the majority of this analysis 
precluded providing readable graphics for presentation.

There was heterogeneity in the response of monen-
sin from trial to trial on FE. The Q 2 statistic indicated 

2 = 183.11, df = 
129, P = 0.002). Thus, the model for FE was evaluated, 
using a random effect, and possible sources of heteroge-
neity were explored with meta-regression. Subsequent 
meta-regression analysis conducted to explore reasons 
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Table 1. Summary of papers used for meta-analysis of monensin performance effects in growing and fi nishing cattle

First author, yr

Source type: 
J = journal, 

T = trial report1 Location Trials
Dose of monensin 

(mg/kg DM) TMR2 Pens, n
No./
pen

Corn 
silage Outcomes measured

Klett, 1972 T Texas 5 6.1 to 48.9 Yes 4 10 No DMI, ADG, FE
Klopfenstein, 1972 T Nebraska 5 6.1 to 48.9 Yes 2 8 No DMI, ADG, FE
Potter, 1974a T United States 5 12.2 to 48.9 Yes 5 25 No DMI, ADG, FE
Farlin, 1974 T Nebraska 6 6.1 to 36.7 Yes 2 24 No DMI, ADG, FE
Hatfi eld, 1974 T Illinois 6 6.1 to 36.7 Yes 4 6 No DMI, ADG, FE
Sherrod, 1974 T Texas 6 6.1 to 36.7 Yes 2 10 No DMI, ADG, FE
Potter, 1974b T Indiana 8 7.17 to 60.7 No 5 15 No DMI, ADG, FE
Linr, 1975 T United States 1 40.4 No 4 7 Yes DMI, ADG, FE
Garrett, 1975 T California 2 6.1, 36.7 Yes 2 10 No DMI, ADG, FE
Hurst, 1975a T Beverley, UK 1 33.3 Yes 3 19 No DMI, ADG, FE
Osmond, 1975 T Devon, UK 2 11.1, 33.3 Yes 3 7 No DMI, ADG, FE
Potter, 1975 T Indiana 3 7.3 to 46.9 No 5 15 No DMI, ADG, FE
Hurst, 1975b T Beverley, UK 2 11.1, 33.3 Yes 2 14 No DMI, ADG, FE
Utley, 1976 J Georgia 1 29.3 No 18 1 No DMI, ADG, FE
Farlin, 1976 T Nebraska 2 6.1, 36.7 Yes 3 35 Yes DMI, ADG, FE
Osmond, 1976 T Cornwall, UK 1 No 4 11 No DMI, ADG, FE
Mayes, 1976 T Cornwall, UK 1 No 4 11 No ADG
Raun, 1976 J Indiana 7 3 to 97.8 Yes 13 5 No DMI, ADG, FE
Lesperance, 1976 T Nevada 4 6.1 to 24.4 No 4 4 No DMI, ADG, FE
Wells, 1976 T NSW, Australia 1 30 Yes 3 30 No DMI, ADG, FE
Boling, 1977 J Kentucky 3 13 to 43.5 No 3 8 Yes DMI, ADG, FE
Potter, 1977 T Indiana 6 6.1 to 36.7 Yes 2 10 No DMI, ADG, FE
Garrett, 1977 T California 2 6.1, 36.7 Yes 2 12 No DMI, ADG, FE
Steen, 1978 J Kentucky 3 12.2 to 32.6 No 3 8 Yes DMI, ADG, FE
Dartt, 1978 J Kentucky 2 200 mg/cow No 3 8 Yes ADG
Johnson, 1979 J Washington 1 28 to 36.7 Yes 5 6 No DMI, ADG, FE
Hanson, 1979 J Nebraska 6 33 Yes/No 2 6 Yes DMI, ADG, FE
Pendlum, 1980 J Kentucky 1 32.8 No 6 8 Yes DMI, ADG, FE
Mowat, 1977 J Ontario, Canada 3 29.3 to 32.5 No 4 to 12 3 to 5 No DMI, ADG, FE
Byers, 1980 J Ohio 2 30.6, 33.4 No 3 10 Yes DMI, ADG, FE
Wagner, 1981 J Oklahoma 2 36.7 Yes 4 4 No DMI, ADG, FE
Thonney, 1981 J New York 1 22.3 No 6 36 No DMI, ADG, FE
Berger, 1981 J Nebraska 3 16 to 36.7 No 3 to 4 6 to 16 Yes DMI, ADG, FE
Horton, 1981 J Saskatchewan, Canada 2 36.7 Yes 2 6 to 25 No DMI, ADG, FE
Perry, 1983 J Indiana 2 33 Yes 7 12 Yes DMI, ADG, FE
Utley, 1982 J Georgia 1 35.9 Yes 41 1 No ADG, FE
Horton, 1984 J Florida 1 36.7 Yes 4 8 Yes DMI, ADG, FE
Beacom, 1988 J Saskatchewan, Canada 1 33 Yes 5 10 No DMI, ADG, FE
Burrin, 1988 J Nebraska 6 11, 33 Yes 9 9 Yes DMI, ADG, FE-INV
Zinn, 1988 J California 2 33 Yes 8 6 No DMI, ADG, FE
Garrett, 1989 J Morocco, Africa 3 22.1 to 23.6 No 3 to 4 1 No DMI, ADG, FE
Loerch, 1990 J Ohio 3 26.5 to 39.6 Yes 6 to 12 8 Yes DMI, ADG, FE
Stock, 1990 J Nebraska 3 27.5 Yes 10 11 No DMI, ADG, FE-INV
Collins, 1992 J South Dakota 2 37.7, 48.9 No 4 8 No DMI, ADG, FE-INV
Zinn, 1993 J California 2 36.7 Yes 8 5 No DMI, ADG, FE
Fontenot, 1993 J Virginia 4 32.1 to 41.4 No 3 8 Yes DMI, ADG, FE
Zinn, 1994 J California 2 31.1 Yes 4 5 No DMI, ADG, FE
Stock, 1995 J Texas 1 27 Yes 12 60 No DMI, ADG, FE
Casey, 1994 J Pretoria, S. Africa 1 37.5 Yes 15 7 No DMI, ADG, FE
Lana, 1997 J New York 4 11, 22 Yes 3 7 Yes DMI, ADG, FE-INV
Steele, 2001 J Oklahoma 1 15.9 No 4 12 No DMI, ADG, FE
Gibb, 2001 J Alberta, Canada 1 26 Yes 12 1 No DMI, ADG, FE
Lana, 2001 J New York 4 22 Yes 5 1 Yes DMI, ADG, FE-INV
Wang, 2003 J Alberta, Canada 2 25 Yes 12 15 No DMI, ADG, FE



Meta-analysis of monensin effects in cattle 4587

for heterogeneity resulted in 4 signifi cant variables that 
infl uenced ES for FE: 1) studies assessing multiple vs. 
single doses of monensin; 2) dose (milligrams per kilo-
gram of feed, 100% DM); 3) total mixed ration (TMR) 
delivery vs. top dress; and 4) presence of corn silage 
in the diet (Table 3). Effects of monensin on FE were 
more consistent in multidose studies with nonsignifi cant 
(P = 0.443) heterogeneity, whereas single-dose studies 
displayed signifi cant heterogeneity (P = 0.001). Studies 
that included monensin in a TMR showed less heteroge-
neity and less of an effect, compared with studies with 
dose included in a supplement top dress, which showed 
signifi cant heterogeneity but a greater average effect. 
Studies in which corn silage was fed displayed a greater 
effect for monensin on FE compared with studies not us-
ing corn silage. However, heterogeneity was signifi cant 
for both. A weighted mean difference meta-analysis was 
used to estimate the overall effect of monensin on FE, 
which was –0.53 kg of feed per unit of BW gain. The 
regression coeffi cients generated from the modeling, us-

ing this meta-analysis, were then used to illustrate the 
linear effect of dose. A 0.008-kg reduction in DMI per 
kilogram of BW gain was identifi ed per 1 mg/kg feed 
increase in dose of monensin in the feed. This translates 
into estimated FE improvements of –0.55, –0.64, and 
–0.73 kg DMI per kilogram of gain for doses of 22, 33, 
and 44 mg/kg feed increase in TMR diets with estimates 
derived from multidose studies. A stratifi ed meta-anal-
ysis of monensin effect (Table 4) shows effects on FE 
that are linear and statistically signifi cant at lesser and 
greater dose ranges (3 to 15 mg/kg feed increase, and 
>44 mg/kg feed). This would support the current U.S.-
approved dose range of Rumensin for FE of 6 to 49 in-
crease mg/kg feed. Analysis of FE was also stratifi ed by 
year of research (using decades of 1970s, 1980s, 1990s, 
and 2000+, as strata) to explore differences in response 
by decade (Table 5).

The Begg’s test for publication bias was signifi cant 
for the FE analysis (P = 0.0001) and the associated fun-
nel plot (Figure 2) illustrates a bias toward smaller stud-
ies that reported responses when FE was improved with 
monensin treatment and a lack of small studies that may 
have found an increase in FE with monensin. Neverthe-
less, the estimated Fail-Safe n (Rosenthal, 1979) indicat-
ed that it would require 8,000 trials with opposite results 
to those available to reverse the fi ndings that monensin 
treatment improved FE.

Monensin reduced DMI, improved ADG, and im-
proved BW gain per unit of feed (Table 2). A forest plot 
for inverse FE (BW gain per unit feed:kilograms ADG 
per kilogram of DMI) is illustrated in Figure 3. Simi-
lar meta-regression analyses were attempted for each 
of these variables (DMI, ADG, and inverse FE), as was 
conducted for FE (Table 3). However, there were an in-
suffi cient number of studies with inverse FE to conduct 
meta-regression for that outcome. Even though monen-
sin positively affected ADG, this effect was reduced with 

First author, yr

Source type: 
J = journal, 

T = trial report1 Location Trials
Dose of monensin

(mg/kg DM) TMR2 Pens, n
No./
pen

Corn 
silage Outcomes measured

Benchaar, 2005 J Nova Scotia, Canada 1 33 No 10 5 No DMI, ADG, FE-INV
Lefebvre, 2006 J Quebec, Canada 4 33 Yes 2 5 Yes DMI, ADG, FE-INV
Swingle, 2007 T Texas 2 36.5 Yes 4 94 Yes DMI, ADG, FE
Arelovich, 2008 J Argentina 2 35 Yes 5 1 No DMI, ADG, FE
Depenbusch, 2008 J Kansas 2 38 Yes 9 7 No DMI, ADG, FE-INV
Erickson, 2008 T Nebraska 1 40.3 Yes 8 20 Yes DMI, ADG, FE
Hunsaker, 2008 T Colorado 1 40.3 Yes 4 70 Yes DMI, ADG, FE
Koers, 2008 T Oklahoma 1 40.3 Yes 4 71 No DMI, ADG, FE
Salinas-Chavira, 2009 J California 1 28 Yes 6 6 No DMI, ADG, FE-INV
Yang, 2010 J Alberta, Canada 1 41.7 Yes 14 5 No DMI, ADG, FE

1All trial reports were supplied by Elanco Animal Health, Greenfi eld, IN. FE = feed effi ciency (kilogram of DMI per kilogram of BW gain), FE-INV = inverse 
feed effi ciency (kilogram BW gain per kilogram of DMI).

2TMR = total mixed ration.

Figure 1. Histogram monensin dose in feed across all trials used for me-
ta-analysis of feed effi ciency, DMI, and ADG, in growing and fi nishing cattle.

Table 1. Continued.
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increasing dose. Based on extrapolation from a simple 
plot of ADG ES for monensin by dose of monensin (data 
not shown), monensin effect on ADG would be expected 
to be negative (<0 vs. control), beginning at ~46 mg/
kg feed of monensin. The impact of infl uential studies 
on all models was tested, using infl uence analysis. Even 
though there were infl uential studies, especially those 
with larger sample sizes, inclusion or removal of these 
studies did not change the direction of effect in any anal-
ysis and caused little change in the overall ES estimates.

DISCUSSION

The impact of monensin on improving FE was not 
surprising and was verifi ed by the fi nding of reduced 
DMI and improved ADG with monensin. Given the 
diversity of studies, the presence of signifi cant hetero-
geneity in response for FE was expected. Based on the 
meta-regression analysis, this was largely explained by 
differences in study design, delivery of monensin, dose, 
and diet. Cattle fed in feedlots would be expected to re-
ceive a more consistent concentration of monensin when 
delivered in a TMR. However, topdressing with liquid 
or grain on top of feed in a pen setting would likely re-
sult in variable concentration of monensin by individ-
ual animals. Stratifying on this factor (TMR delivery) 
eliminated the heterogeneity for the TMR group (data 
not presented). Similarly, studies that involved multiple 
doses of monensin showed less heterogeneity and sin-
gle-dose studies showed more. This might be explained 
by the fact that many single-dose studies had objectives 
to investigate other factors infl uencing FE (e.g., days on 
feed, diet, and sex of cattle), whereas investigating dose 
effects of monensin were frequently the main objective 
of multidose studies. Dose of monensin showed a lin-

Table 3. Summary of signifi cant meta-regression variables 
infl uencing the effect size (ES) of monensin on feed effi cien-
cy (FE), DMI, and BW gain in growing and fi nishing cattle

Variables Coeffi cient
95% confi dence 

interval P

FE
Intercept –0.453640 (–0.921, 0.014) 0.057
Multiple-dose studies –0.671687 (–0.949, –0.394) <0.001
Monensin by TMR 0.33731 (–0.0234, 0.698) 0.067
  delivery1

Corn silage in diet –0.60844 (–0.949, –0.267) <0.001
Dose of monensin, –0.09531 (–0.019, –0.0002) 0.044
  mg/kg DM

DMI
Intercept 0.51393 (0.1001, 0.9277) 0.012
Corn silage in diet –0.32844 (–0.6008, –0.0560) 0.004
Multiple-dose studies –0.53848 (–0.8184, –0.2586) <0.001
Dose of monensin, –0.03086 (–0.0420, –0.0197) <0.001
  mg/kg DM

ADG
Intercept 1.65019 (0.9639, 2.336) <0.001
U.S. origin studies –0.71498 (–1.0554, –0.3745) <0.001
Pen studies (vs. 0.52098 (0.232, 0.810) <0.001
  individual)
Control cattle ADG –0.4746 (–0.846, –0.103) 0.012
Dose of monensin, –0.02179 (–0.0308, –0.0128) <0.001
  mg/kg DM

1TMR = total mixed ration.

Table 4. Stratifi ed meta-analysis of feed effi ciency in 
growing and fi nishing cattle, across dose ranges of mo-
nensin in feed

Monensin dose range, mg/
kg feed 100% DM No. trials

Weighted mean 
difference for feed 

effi ciency, 
kg feed/kg BWgain

ES 
for feed 

effi ciency1
ES 

P-value

<16 30 –0.532 –0.938 0.0001
16–30 36 –0.628 –0.817 0.0001
31–44 56 –0.455 –0.989 0.0001
>44 8 –1.153 –1.280 0.0001

1ES is a standardized z-value to statistically compare treatment with con-
trol differences between studies.

Table 2. Summary of effect size estimates of monensin on performance outcomes in growing and fi nishing cattle, 
derived from meta-analysis

Outcomes measured

Weighted mean difference 
for monensin control

 (95% CI)1 Change, %

Pens or cattle per 
treatment Trials

Effect size2

(95% CI)

I2 (95% 
uncertainty 
interval)3

Effect size
P

FE, kg feed/kg BW gain –0.53 –6.4 634 130 –0.934 29 <0.001
(–0.61, –0.45) (–1.09, –0.77) (11, 23)

DMI, kg –0.268 –3.1 854 151 –0.716 42 <0.001
(–0.32, –0.21) (–0.88, –0.55) (28, 53)

ADG, kg/d +0.0291 +2.5 799 156 +0.292 28 <0.001
(0.019, 0.040) (0.16, 0.42) (5, 38)

FE, kg gain/kg BW gain +0.0021 +1.3 186 32 +0.212 0 0.048
(–0.0001, 0.0043) (0.0016, 0.42) (0, 40)

1Weighted mean difference is estimate of actual effect of treatment in units measures; CI = confi dence interval.
2Effect size is a standardized z-value to statistically compare treatment vs. control differences between studies.
3I2 is a measure of variation beyond chance.
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ear effect of greater FE observed with increasing dose in 
mg/kg feed of ration DM. The dose range in these data 
was 3 to 98 mg/kg feed, with a mean of 28.1 mg/kg feed. 
Because there were fewer studies at the larger doses of 
monensin, meta-regression was conducted, excluding 
the 2 largest doses (61 and 98 mg/kg feed) and 8 larg-
est doses (>44 mg/kg feed). A linear effect of dose was 
still identifi ed with a slightly increased regression coef-
fi cient (0.011 and 0.014 vs. 0.009), with corresponding 
signifi cance values of P = 0.09 and P = 0.06 for the 2 
largest doses and 8 largest doses removed, respectively, 
compared with P = 0.04 for the full data set analysis. 
The linear dose effect was much more apparent within 
TMR studies or within multidose studies. This seems to 
make sense because the multidose studies were largely 
designed to measure dose titration of effect on FE. Also, 
non-TMR studies would likely deliver variable dose 
concentrations in DM depending on individual animal 
intake, whereas TMR studies have a fi xed concentration 
of monensin. Corn silage in the diet may have simply 

served as a marker for identifying studies that used fi n-
ishing diets vs. growing diets. As such, the greater ES 
estimates of FE in corn silage-based diets would seem 
to make sense. Effects of monensin on these parameters 
are most likely driven by increased propionate supply to 
the liver. In greater forage-based, grower-type diets, one 
might hypothesize greater effects on ADG but perhaps 
less effect on reducing DMI. However, in fi nishing diets, 
already greater in energy concentration, the increased 
propionate created by monensin might have less effect 
on gain and more effect on reducing DMI. It would have 
been useful to explore potential dietary interactions of 
monensin on FE in greater detail; however, the data used 
in this paper span nearly 40 yr and there was an incon-
sistent reporting of useable feed data to be able to recon-
struct diets with any degree of reliability.

There were several variables that were signifi cant 
infl uencers of the effects of monensin on FE in the uni-
variate regression but did not remain signifi cant in the 
fi nal regression model. These included decade of study 
(P = 0.032), days on feed (P = 0.009), control FE (P = 
0.022), and starting BW (P = 0.022). Some other vari-
ables that were explored for effects of monensin on FE 
but were not found to have signifi cant infl uence includ-
ed: use of tylosin in the diet, use of either corn or barley 
as the primary grain, forage:concentrate ratio, and breed 
(British vs. other). Despite decade not remaining in the 
fi nal model, the impact of monensin improving FE has 
decreased over the past 40 yr from an 8.1% improve-
ment in the 1970s to a 2.3 to 3.5% improvement in the 
1990s to 2000s, respectively (Table 5), as FE has im-
proved from 8.79 kg of feed per kilogram of BW gain 
to the most recent (2000s) value of 6.39 kg of feed per 
kilogram of BW gain. One can assume from this that 
management factors (unmeasured in this meta-analysis) 
are likely the reason for this dramatic improvement in 
FE of 27%. Furthermore, although the average effect 
of monensin on FE across all studies evaluated in this 
analysis was found to be 6.4%, current management fac-
tors have led to vast improvements in FE values in mod-
ern feedlots. Thus, the expectation for monensin in these 
management systems would be to improve FE by 2.5 to 

Table 5. Stratifi ed meta-analysis of monensin effects on feed effi ciency in growing and fi nishing cattle, across 4 de-
cades of research (1970s to 2000s)

Decade, year strata
for studies No. trials

Mean monensin 
dose, mg/kg feed

Weighted mean 
difference for 

feed effi ciency, 
kg feed/kg BW gain

Control mean 
feed effi ciency, 

kg feed/kg BW gain
Change in feed 
effi ciency, %

ES for 
feed effi ciency1

ES 
P-value

1970s 85 26 –0.715 8.79 + 8.1 –1.0279 0.0001
1980s 21 31.7 –0.539 8.39 +6.4 –1.1591 0.0001
1990s 13 33.9 –0.148 6.39 +2.3 –0.4505 0.0001
2000+ 11 32.3 –0.229 6.38 +3.5 –0.9498 0.0001

1Effect size (ES) is a standardized z-value to statistically compare treatment with control differences between studies.

Figure 2. Funnel plot of monensin effect on feed effi ciency in growing 
and fi nishing cattle, for assessing publication bias. SMD = standardized mean 
difference. The relative size of the circles represents the relative weighting of 
the study with the larger circles representing greater weight. The horizontal 
line represents the overall effect size estimate. The 2 diagonal lines indicate 
an estimate of the 95% confi dence interval of the effect size estimate. Inter-
pretation: Publication bias may be present if there is an unequal number of 
studies (particularly, smaller weight studies) on 1 side of the horizontal line.
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3.5%, depending on dose and dietary energy.
In the meta-regressions of monensin ES for DMI and 

ADG, trials with corn silage diets showed a greater ES 
for monensin on reducing DMI but was not a signifi cant 
factor in the regression model for ADG. Other factors that 
infl uenced DMI included study design factors (multidose 
vs. single-dose studies) and dose. The effect on DMI was 
greater in multidose studies and the effect of monensin on 
reducing DMI increased with increasing dose.

Factors infl uencing ES of monensin on ADG in-
cluded study location (United States vs. other countries), 
ADG in the control group, type of animal feeding (pen 
vs. individual), and dose. Studies conducted in the Unit-
ed States showed less of an effect on improving ADG 
compared with non-U.S. studies, but all studies showed 
considerable heterogeneity. Studies conducted with in-
dividual vs. pen feeding situations showed increased 
heterogeneity and reduced effect on ADG. This may be 
a function of environmental impacts, such as tethering 
and adapting to Calan headgates, which may restrict po-

tential ADG response. Studies with greater ADG in con-
trol animals showed lesser ADG response with monen-
sin. This fi nding is consistent with the expectation that 
monensin would give greater ADG responses on higher 
forage, lower grain diets. Greater doses of monensin 
were associated with lesser impacts on ADG.

Conclusions

This meta-analysis shows that monensin improves 
FE in growing and fi nishing cattle, both in studies report-
ing feed:gain ratio and studies reporting gain:feed ratio. 
Monensin reduces feed:BW gain by 0.53 kg of feed/kg 
BW gain. Monensin reduced DMI by 0.27 kg and im-
proved ADG by 0.029 kg/d. The average concentration 
of monensin in feed across all studies was 28.1 mg/kg 
feed. This was in a data set with average daily DMI of 
8.6 kg, ADG 1.15 kg, and average FE of 8.33. Thus, FE 
is improved by6.4% (but only 2.5 to 3.5% in the last 2 
decades). Linear effects of monensin dose in feed were 

Figure 3. Forest plot of the effect of monensin on feed effi ciency in growing and fi nishing cattle, measured in unit of gain per unit of feed intake. Study 
refers to the fi rst author and year of the publication. Standardized mean diff. (difference) was standardized using the z-statistic. Thus, points to the left of the 
line represent a reduction in the trait and points to the right of the line indicate an increase in the variable. Each square represents the mean effect size for that 
study. The upper and lower limit of the line connected to the square represents the upper and lower 95% confi dence interval (CI) for the effect size. The size of 
the square refl ects the relative weighting of the study to the overall effect size estimate, with larger squares representing greater weight. The dotted vertical line 
represents the overall effect size estimate. The diamond at the bottom represents the 95% CI for the overall estimate. The solid vertical line represents a mean 
difference of 0 or no effect.
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found for FE (greater dose improving effi ciency), DMI 
(greater dose reducing DMI), and ADG (greater dose re-
ducing ADG response).
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