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ABSTRACT by farms with concentrated animal feeding operations
are being implemented to protect air and water quality.A concern of the USEPA is the volatilization of NH3 from animal

Nutrients concentrate on livestock farms becausemanure and CH4 produced from ruminal fermentation. Excess N in
more nutrients are imported as feed and fertilizer thanthe environment has been associated with adverse effects on human
are exported as products sold. Mass nutrient balanceshealth, and CH4 and N2O emissions are sources of greenhouse gases.
indicate that more than 60% of the N, P, and K importedThe objectives of this paper are to summarize and quantify the benefits

of ionophores, principally monensin, in decreasing NH3 and CH4 emis- per year as purchased feed remains on dairy farms re-
sions to the environment and reducing resource utilization in cattle gardless of their size (Klausner, 1993). In a study on a
(Bos spp.) production. The data indicate that monensin in the diets dairy farm in New York, 67 to 75% of the retained N
of ruminants may decrease protein degradation in the rumen and may (i.e., the surplus between inputs and products sold) was
increase feed protein utilization by an average of 3.5 percentage units. projected to escape into the off-farm environment (Hut-
These changes would have an effect in reducing N losses and decreas- son et al., 1998). About 10% of this excess N was pre-
ing fecal N and the amount of protein that must be fed to meet animal dicted to leach into the ground water, with most of the
requirements. Additionally, CH4 is produced by enteric fermentation

rest being volatilized either as N2, N2O, NH3, or NOxin ruminants, which is responsible for about 33 to 39% of CH4 emis-
compounds, some of which (NOx) can contribute to acidsions from agriculture. Ionophores can reduce CH4 production by 25%
rain. Ammonia losses can represent as much as 70% ofand decrease feed intake by 4% without affecting animal performance.
the N excreted by beef cattle in open feedlots (CouncilThe inclusion of monensin in beef and dairy cattle diets may benefit
for Agricultural Science and Technology, 2002).air quality by reducing CH4 and N emissions and water quality by

reducing N in manure, which can potentially leave the farm through Implementation of comprehensive nutrient manage-
leaching into ground water and through runoff into surface water. ment plans on farms may improve efficiency of nutrient

utilization, decrease imported nutrients, and nutrient
loss to the environment while improving farm profitabil-
ity (Klausner et al., 1998; Wang et al., 2000a,b). TheEmissions of ammonia (NH3), nitrous oxide (N2O),
major opportunity to reduce nutrient losses is throughand methane (CH4) to the environment affect wa-
animal diet modification (Council for Agricultural Sci-ter quality and human health and contribute to green-
ence and Technology, 2002). Absorbed protein (aminohouse gases. Emissions of N have been associated with
acids that are digested and absorbed in the small intes-adverse effects on human health (Knobeloch et al.,
tine) that is not synthesized into tissue or milk is ex-2000) and marine ecosystems (Burkart and James,
creted in the urine as urea N, which is converted to a1999). Human health problems affected by excess N
volatile form (primarily NH3) and escapes to the envi-emissions include chronic bronchitis and asthma attacks
ronment. Therefore, the goal of the animal nutritionist(McCubbin et al., 2002). Nitrogen compounds in water
in developing diets to reduce nutrients in manure is tocontribute to water quality problems because of excess
accurately match dietary amount and sources of proteinalgae growth in streams, lakes, reservoirs, and coastal
with animal requirements (Council for Agricultural Sci-waterways. Nitrogen in ground water is a concern be-
ence and Technology, 2002; Klausner et al., 1998). Di-cause it can cause blue baby syndrome in human infants
gestive and metabolic modifiers that improve N useless than six months old. Agricultural operations, espe-
efficiency in the rumen (e.g., ionophores; Bergen andcially those with livestock, are the largest source of NH3 Bates, 1984; Chen and Russell, 1989; Russell and Martin,emissions in the United States (McCubbin et al., 2002).
1984) or during metabolism (e.g., implants; Hancock etThe N emissions from manure are both regional and
al., 1991) may reduce the amount of protein neededglobal concerns, because N produced in areas with high
to meet animal requirements for either meat or milkconcentrations of livestock can move in air currents to
production. An additional concern is to reduce the pro-urban areas with high population densities where air
duction of CH4 during ruminal fermentation, becausequality is likely to be a problem, and even from one of its role in the greenhouse effect (Moss, 1993).country to another (Asman et al., 1998). Federal and Ionophores are molecules of various chemical struc-

State regulations requiring nutrient management plans tures that have the ability to entrap cations, usually Na�.
They attach to the lipid bilayer of the cell membrane
of ruminal gram-positive bacteria and protozoa (ChowAnimal Science Department, Cornell University, Ithaca, NY 14853.
et al., 1994), facilitating the net exchange of intracellularMention of trade names, proprietary products, or specific equipment

does not constitute a guarantee or warranty of the product by the K� for extracellular protons and Na� across the mem-
authors and does not imply its approval to the exclusion of other brane (Russell and Strobel, 1989). This forces gram-
products that also may be suitable. Received 23 Sept. 2002. *Corre-
sponding author (lot1@cornell.edu).

Abbreviations: ADG, average daily gain; CNCPS, Cornell net carbo-
hydrate and protein system; DMI, dry matter intake; ME, metaboliz-Published in J. Environ. Qual. 32:1591–1602 (2003).
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positive microorganisms to expel protons and Na� at on dosage, animal, and diet. Since monensin is the most
the expense of ATP (adenosine triphosphate), causing widely studied and extensively used ionophore, this re-
a depletion in the energy reserve, impaired cell division, view is primarily based on data obtained in experiments
and likely death of the microorganism (Russell and Stro- using monensin.
bel, 1989). The net effect is a change in the microbial Monensin was registered on 16 Dec. 1975 with the
ecosystem favoring those microorganisms, mostly gram- commercial name of Rumensin (Elanco Products Co.,
negative, that are not sensitive to the action of iono- a division of Eli-Lilly, Indianapolis, IN) for improving
phores. Changes in fermentation dynamics in the rumen, feed efficiency in feedlot cattle. Feed conversion (feed
when ionophores are added to the diet, improve the to gain ratio) improves when monensin is added to the
efficiency of energy capture and utilization of dietary N. diet because of a more efficient ruminal fermentation,
Ionophores also have additional benefits in attenuating resulting from an increased proportion of propionate
certain cattle digestive disorders (McGuffey et al., 2001), to acetate in the rumen, a concomitant depression in
including bloat, an excess production of stable foam in CH4 production, and an inhibition of degradation of
the rumen, and acidosis, an accumulation of lactic acid dietary protein in the rumen (Raun, 1990). An improve-
and/or volatile fatty acids (VFA) in the rumen due to an ment in feed conversion results in less feed resources
increase of rapidly fermentable carbohydrates (grain) being used for the same meat and milk production.
in the diet. It is generally recognized that the use of These benefits have a direct effect on protecting the
ionophores in cattle presents no hazard to human health environment due to decreased feed usage and reduced
arising from the potential to generate “resistant” food- manure excretion (less intake and higher digestibility).
borne bacteria, a topic reviewed in a separate review Table 1 contains a summary of published reviews in
by Russell and Houlihan (2003). This is because iono- which the effects of monensin on beef cattle perfor-
phores are not used in human therapy due to their nar- mance have been evaluated. These data show a consis-
row therapeutic index, there is no genetic encoded resis- tent improvement in feed efficiency due to the addition
tance to their biophysical mechanism of action, and of monensin to the diet of beef cattle. In grain-based
there is rapid cell death (Russell and Houlihan, 2003). feedlot diets, feed efficiency has been improved by re-

The main objective of this paper is to summarize ducing dry matter intake (DMI) with little or no effect
published information on the effects of adding iono- on average daily gain (ADG). In contrast, in pasture-phores to cattle diets on animal performance and the based diets, ADG has increased when monensin is fed.environment. A secondary objective is to describe how Goodrich et al. (1984) summarized 228 experiments con-a mechanistic model can account for ionophore effects ducted before 1984 with beef cattle fed monensin inon rumen fermentation and animal performance. Two

diets averaging 3 Mcal of metabolizable energy (ME)case studies are used to demonstrate how our model is
kg�1 (likely to have at least 5–7% forage). Raun (1990)applied to predict the effect of feeding monensin on
summarized 37 experiments with beef cattle fed high-cattle performance and nutrients excreted.
concentrate diets (average 15.7% forage) conducted
from 1981 to 1990 in which the average concentration

THE EFFECT OF IONOPHORES ON THE of monensin was 28 mg kg�1. Monensin increased ADG
EFFICIENCY OF FEED USE IN MEAT by 1.6 to 1.8%, decreased DMI by 4 to 6.4%, and im-

AND MILK PRODUCTION proved feed conversion by 5.6 to 7.5% in growing cattle
fed in feedlots. The net effect of monensin was to main-There are several ionophores (laidlomycin, lasalocid,
tain animal performance while reducing feed intake.monensin, narasin) registered and approved for animal

Interactions between monensin and supplemental an-utilization as feed additives (Feed Additive Compen-
imal fat have been observed in several studies, probablydium, 2002). Most of these ionophores are produced by
because they have similar effects on ruminal fermenta-Streptomyces spp. (Nagaraja, 1995) and their effects on

animal performance are similar but may vary depending tion, including increased propionate production and de-

Table 1. The effect of monensin on beef cattle performance.

System Trials Variable† Control Monensin Change References

United States data
Feedlot 228 ADG, kg d�1 1.09 1.10 1.6 Goodrich et al. (1984)

DMI, kg d�1 8.27 7.73 �6.4
F/G, kg kg�1 8.09 7.43 �7.5

37 ADG, kg d�1 1.18 1.19 1.8 Raun (1990)
DMI, kg d�1 8.63 8.29 �4.0
F/G, kg kg�1 7.31 6.97 �5.6

Pasture 24 ADG, kg d�1 0.61 0.69 13.5 Goodrich et al. (1984)
European data

Feedlot 35 ADG, kg d�1 1.15 1.21 5.2 Nagaraja (1995)
DMI, kg d�1 7.45 7.15 �4.0
F/G, kg kg�1 6.59 6.02 �8.7

Pasture 12 ADG, kg d�1 0.79 0.89 13.7 Wilkinson et al. (1980)

† ADG, average daily gain; DMI, dry matter intake; F/G, feed to gain ratio.
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creased CH4 production (Chalupa et al., 1984; Richard- kg kg�1 of solids-corrected milk) due to a lower DMI
(average across treatments of 5.6% DMI reduction)son et al., 1976). However, the mode of action of fat in

reducing CH4 production is different, and is influenced with no change in milk production. Based on several
studies (Beckett et al., 1998; Lean and Wade, 1997;by type of fat as well as the level in the diet. Thus, the

net benefit in reducing CH4 production from feeding Moshen et al., 1981; Van der Werf et al., 1998), the
National Research Council (2001) concluded that milkmonensin and fat together may be less than the sum of

their individual benefits. The addition of supplemental production is often increased as much as 3 kg d�1 for
pasture-based diets when monensin is added to the dietanimal fat (tallow at 4% of ration dry matter) to high-

grain diets containing monensin decreased ADG and of lactating cows. The results of Symanowski et al.
(1999) and Wagner et al. (1999) represent a multiyear,feed efficiency compared with the treatment without

supplemental fat (Clary et al., 1993). They observed no multisite series of trials in which cattle were fed monen-
sin throughout the productive cycle (two lactations),effect of monensin on net energy for maintenance (NEm)

when 4% tallow was added to the diet. However, in the thus representing a steady state influence of monensin
over time. Based on this information, the National Re-control treatment (0% tallow), monensin increased NEm

of the diet by 5.1% and net energy for gain (NEg) by search Council (2001) concluded that the addition of
monensin to the diets of dairy cows fed total mixed7%, suggesting that the response of finishing cattle to

monensin may be altered by fat supplementation. Zinn rations decreased DMI (�1 kg d�1), increased solids-
corrected milk yield (�1 kg d�1), increased efficiencyand Borques (1993) studied the effect of the combina-

tion of monensin (33 mg kg�1) and/or sodium bicarbon- of solids-corrected milk production, and resulted in less
body condition loss during early lactation. Monensin-ate (0.75% of ration dry matter) on steers fed 75%

steam-flaked maize, 4% yellow grease, and 12% forage. fed cattle had lower plasma non-esterified fatty acids
(NEFA), indicating less fat mobilization during negativeThe growth responses to supplemental monensin and

NaHCO3 were small with this high-energy finishing diet energy balance of early lactation. Further evidence of
improved energy balance can be seen in reproductivecontaining supplemental fat. Additionally, they sug-

gested that the absence of a monensin or NaHCO3 main responses. Tallam et al. (2002) concluded that cows fed
a diet containing monensin ovulated for the first timeeffect on growth indicated a potential interaction be-

tween monensin or NaHCO3 and supplemental fat. In postpartum five days earlier than controls, suggesting
that nadir had been achieved earlier.conclusion, diets with supplemental animal fat do not

show the same ionophore response as those without An evaluation of the effects of monensin on energy
metabolism of the ruminant indicated that the ME valueanimal fat. However, there is increasing pressure to

eliminate ruminant byproducts in ruminant diets be- of the diet is increased due to increased dry matter
digestibility and a shift in ruminal fermentation towardcause of concerns about bovine spongiform encephalop-

athy (BSE) in animals and a possible connection with increased propionate production (Byers, 1980). This
shift increased NEm supply by 7.2% with no effect ona BSE-like disease in humans (Council for Agricultural

Science and Technology, 2000). NEg, probably due to lower protein degradation rates
at the tissue level because of increased propionic acidOn the other hand, the use of monensin in diets con-

taining unsaturated lipids, usually from vegetable production when monensin was fed. Amino acids are
spared from deamination and subsequent utilization forsources (e.g., cottonseed, soybean), may have an addi-

tional beneficial effect because monensin decreases the gluconeogenesis with more amino acids available to the
animal (metabolic protein sparing). This conclusion waslipolysis of such lipids to free fatty acids (FFA) (Van

Nevel and Demeyer, 1995b), which are highly toxic to supported by the studies of Ørskov et al. (1979) in which
monensin increased N retention in sheep when highthe ruminal microbes. Scarce information contrasting

the effect of lipid from plant sources and ionophores levels of propionate were infused into the rumen.
There is also some indication that an ionophore inon animal performance is available.

Results of studies with lactating and dry (nonlactat- the diet decreases heat increment because propionate
has a lower heat increment than acetate (Bergen anding) dairy cows fed monensin have been variable in

terms of DMI and milk production responses, probably Bates, 1984; Ørskov et al., 1979), which would result in
more available energy for production or less energydue to differences in stage of lactation. A reduction in

DMI is a consequence of animals eating to their energy required for maintenance. These results would explain
the reduction in monensin response with increasing ra-requirement. When in positive energy balance (late lac-

tation or dry cows), the inclusion of monensin in the diet tion ME value. As diet ME increases, more of the intake
is available for production, which reduces the propor-may increase energy available per unit of feed consumed

(Mcal kg�1), resulting in lower DMI. However, when tion of the diet used for maintenance. Byers (1980)
concluded that monensin should increase feed efficiencycows are in negative energy balance (early lactation)

the additional energy available due to monensin is used by a higher percentage in diets where animals are fed
closer to maintenance levels. This would at least par-to improve performance and/or reduce body reserve

losses. tially explain the higher response to monensin in pas-
ture-based diets (Table 1). Likewise, we could hypothe-Ruiz et al. (2001) concluded that the addition of mo-

nensin improved milk production without affecting size that beef cattle may have a higher response than
dairy cattle because their feed intake is closer to theirDMI and Ramanzin et al. (1997) concluded that monen-

sin increased feed efficiency on average by 1.8% (DMI maintenance requirement. In addition, diets with more
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grain shift the rumen microbial population toward more gram-positive to gram-negative bacteria. Bacteria that
produce lactic, acetic, butyric, and formic acids and hy-starch digesters, which produce a higher propionate to

acetate ratio and less CH4, leaving less opportunity for drogen as main end products are susceptible to iono-
phores whereas succinic and propionic acid-producingmonensin to improve fermentation efficiency. Since the

main effect of monensin is to improve diet ME by in- bacteria are resistant (Chen and Wolin, 1979). This
causes a shift in fermentation end products to a highercreasing absorbed energy from the digestion of diet

ingredients, the development of more mechanistic mod- propionate to acetate ratio. Rogers et al. (1997) indi-
cated the decrease in acetate to propionate ratio rangedels may allocate the improved ME value to both NEm

and NEg values of feeds. from 65 to 72% when monensin was added to the diet.
After monensin was withdrawn, the ratio returned to
preaddition values. However, Slyter et al. (1992) found

EFFECTS OF IONOPHORES ON no change in the ratio of VFA formed by pure cultures
METHANE PRODUCTION of several rumen bacteria when 2 �g mL�1 of monensin

was added to the media. The average of six studiesThe increased concentration of greenhouse gases
indicated that monensin can decrease CH4 emission by(CO2, CH4, and N2O) in the troposphere has been impli-
25% (Van Nevel and Demeyer, 1995a). However, thecated in the consistent increase in atmospheric tempera-
inhibition of methanogenesis may not persist (Rumplerture and global warming over the last few decades (In-
et al., 1986; Thornton and Owens, 1981) when monensintergovernmental Panel on Climate Change, 2001). The
is withdrawn from the diet.concentration of CH4, which is one of the gases responsi-

In a more comprehensive review, Van Nevel and De-ble for the greenhouse effect, has increased at a rate of
meyer (1996) indicated that monensin clearly decreased10 nL L�1 yr�1 (1 nL � 10�9 L) since the preindustrial
CH4 production both in vitro by 32.1 � 2.8% (n � 40)revolution (Moss et al., 2000). Despite being extremely
and in vivo by 20.6 � 2.8% (n � 9); the extent ofdifficult to measure and highly uncertain (Moss, 1993),
the inhibition was related to dose and type of ration.the total amount of CH4 production is about 690 Tg
However, the inhibition of CH4 production when iono-yr�1 (1 Tg � 1012 g) and the sink in the atmosphere is
phores were used in long-term in vivo studies has notapproximately 600 Tg yr�1. About 30% of the amount
been consistent. Some findings (Johnson et al., 1994a;produced comes from natural wetlands and the re-
Johnson and Johnson, 1995; Rumpler et al., 1986; Sauermaining 70% arises from anthropogenic sources; agri-
et al., 1998) have indicated that the decrease in CH4culture may be responsible for 67% of this 70%. The
production has not persisted. After short periods of timemajor agricultural sources are flooded rice paddies (60–
(up to 30 d) levels of CH4 production returned to pre-100 Tg yr�1), ruminal fermentation (80 Tg yr�1), biomass
ionophore supplementation levels, probably due to anburning (40 Tg yr�1), and animal waste (25 Tg yr�1)
ability of the ruminal microflora to adapt to the iono-(Watson et al., 1992). Therefore, ruminal fermentation
phore (Johnson and Johnson, 1995). The shift in VFAmay contribute 33 to 39% of CH4 emissions from ag-
profile (higher percentage of propionate) was main-ricultural sources.
tained for long periods of time (Mbanzamihigo et al.,In the rumen, hydrogen is produced during the anaer-
1995; Richardson et al., 1976; Rogers et al., 1997), indi-obic fermentation of glucose. This hydrogen can be used
cating that the uncoupling effect of ionophores on CH4during the synthesis of VFA and microbial organic mat-
production and VFA profile is not in agreement withter. The excess of hydrogen from NADH (nicotinamide
the stoichiometrical relationship of the ruminal fermen-adenine dinucleotide) is eliminated primarily by the for-
tation (Wolin, 1960), as long as no other means to elimi-mation of CH4 by methanogens, which are microorgan-
nate the excess of H� in the rumen is provided (Hinoisms from the Archea group that are normally found in
and Asanuma, 2003). On the other hand, several otherthe rumen ecosystem (Baker, 1999). The stoichiometric
studies (Davies et al., 1982; Mbanzamihigo et al., 1995,balance of VFA, CO2, and CH4 indicates that acetate
1996; Rogers et al., 1997) have shown a long-termand butyrate promote CH4 production whereas propio-
(40–240 d) effect of monensin on CH4 depression withnate formation conserves hydrogen, thereby reducing
no evidence of microbial adaptation.CH4 production (Wolin, 1960).

Possible explanations for these contrasting findingsDecreasing the retention time of feed in the rumen
are the use of different methods to assess CH4 produc-may reduce CH4 production. Okine et al. (1989) indi-
tion (Johnson and Johnson, 1995). Some studies thatcated that a 30% decline in CH4 production was ob-
reported a short-term effect of ionophore on CH4 pro-served when the ruminal passage rate was increased
duction used respiration chambers (Kinsman et al., 1995;by 50% or more. When expressed as a proportion of
Rumpler et al., 1986; Sauer et al., 1998) to collect CH4digestible energy, CH4 losses decreased 1.6 percentage
from the rumen and hindgut compartments. This sug-units for each unit of increase in feed intake above the
gested that some CH4 may have been produced in themaintenance requirement (Johnson and Johnson, 1995).
hindgut (Siciliano Jones and Murphy, 1989) when highThe addition of grain or soluble carbohydrates to the
levels of grain were fed, which compensated for thediet also changes the fermentation pattern in the rumen
depression of CH4 in the rumen. Another explanationto a more competitive environment for the methanogens
may be the proportion of concentrate to forage, partially(Van Soest, 1994).
supporting the previous explanation. However, Mban-Ionophores decrease the production of CH4 due to a

shift in the microbial population of the rumen from zamihigo et al. (1996) reported that inhibition of metha-
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nogenesis in the rumen cannot be compensated by CH4 10-fold decrease in ruminal bacteria that utilize amino
production in the hindgut due to a shift in digestion acids and peptides as their primarily source of N for
from rumen to hindgut in animals supplemented with growth when monensin was given to holstein cows
monensin. This is probably because of the difference in (Yang and Russell, 1993).
size and anatomy of these compartments (rumen and These findings suggest that a greater proportion of
hindgut), different passage rates (turnover is greater dietary true protein (i.e., amino acids) may escape the
in the hindgut), and a possible residual effect of the rumen (ruminal protein sparing) when monensin is
ionophore in the hindgut. added to the diet (Faulkner et al., 1985; Muntifering et

Other studies have used sulfur hexafluoride (SF6) gas al., 1981). Other studies have reported mixed results
as a tracer to assess CH4 and CO2 production (Johnson regarding protein sparing in the rumen (Rogers et al.,
et al., 1994a,b). Even though the average daily CH4 1997) but total tract N digestibility was consistently in-
emissions predicted from this technique (11.6 � 0.7 L creased. On average, the addition of monensin increased
h�1) were similar to those measured using open circuit N digestibility by 3.5 percentage units in cattle (Spears,
respiration calorimetry (12.9 � 0.7 L h�1) (Johnson et 1990). Muntifering et al. (1980) have reported an in-
al., 1994b), variation among animals has been larger in crease in the amount of N that was retained from 18.6
the SF6 (11.7%) than in the calorimetry technique to 23.6 g d�1 (26.9%), which represented an increase of
(0.1%) (Boadi et al., 2001), which is in agreement with 18.1% as percentage of the N intake (20.4 vs. 24.1%;
several other reports (Lassey et al., 1997; Leuning et respectively) and 12.2% as percentage of the absorbed
al., 1999; Ulyatt et al., 1999), suggesting that more ani- N (36.2 vs. 40.6%; respectively). The increase in crude
mals per treatment and sufficient collection days per protein (CP) digestibility was 4.4% (56.5 vs. 59%; Mun-
animal are required to minimize day-to-day variation tifering et al., 1980). Because the digestibility of dietary
and to detect treatment differences in experiments. protein is usually greater than bacterial protein (Van

Even if the adaptation of the ruminal microflora to Soest, 1994), the increase in retained N may be ex-
ionophores exists, the depression in CH4 production is plained by the greater amount of dietary protein escap-
likely to always occur due to the decrease in DMI. ing the rumen compared with bacterial protein. Rogers
O’Kelly and Spiers (1992) reported that the decrease et al. (1997) found that monensin decreased the popula-
in DMI was solely responsible for 55% of the depression tion of some species of protozoa (Entodinium spp. andin CH4 production. Enoplopastron spp.) in the rumen, which is in agreementEven though the findings are conflicting, the data with the findings of Poos et al. (1979) and Hino (1981);generally indicate that the widespread use of ionophores however, an adaptation of protozoal activity to monen-in cattle diets may decrease the amount of CH4 per

sin was observed in a long-term treatment (240 d) (Rog-unit of product (meat, milk, fiber, etc.), reducing the
ers et al., 1997). The increase in flow of bacterial N toemission of CH4 to the atmosphere from cattle produc-
the duodenum was also observed by Rogers et al. (1997).tion, either by changing the fermentation pattern in the
These findings suggest that despite the reduction in mi-rumen or by decreasing feed intake. Other alternatives
crobial protein as shown in in vitro trials, a lower preda-such as those discussed by Hino and Asanuma (2003)
tion of bacteria by protozoa would increase the bacteriamay be used in combination with ionophores to more
yield and improve fermentation in the rumen in vivo.efficiently mitigate the CH4 production by ruminants.

Based on the modifications in N metabolism caused
by ionophores at the rumen (Chen and Russell, 1991;

EFFECTS OF IONOPHORES ON PROTEIN Krause and Russell, 1996) and tissue (Muntifering et
METABOLISM IN THE RUMEN al., 1981; Spears, 1990) levels, it is likely that ionophores

may indirectly contribute to decreased N release intoEarly studies conducted in vivo indicated that the
the environment because of a lower amount of N ex-addition of monensin to the diet reduced the ruminal
creted when the diet contains an ionophore. Some stud-concentration of NH3 (Dinius et al., 1976; Poos et al.,
ies have suggested that monensin may decrease N lost1979). In vitro studies have also demonstrated a reduc-
in the urine (Beede et al., 1986; Flachowsky and Richter,tion in protein degradation, NH3 accumulation, and mi-
1991) while others have found an increase in urinarycrobial protein both in pure culture (Chen and Russell,
N (Vijchulata et al., 1980). Because ionophores may1989; Russell et al., 1988) and mixed culture (Russell
increase the amount of N (i.e., amino acids) at the tissueand Martin, 1984; Van Nevel and Demeyer, 1977; Whet-
level, the amount of N excreted via urine is likely tostone et al., 1981). Further examination suggested that
increase if the amino acid profile is inadequate to sup-monensin had a greater inhibition on deamination
port the production level allowable by the energy sup-rather than proteolysis of ruminal protein (Chen and
ply. Therefore, the strategic use of ionophores to in-Russell, 1991) because of the accumulation of �-amino-N
crease N retention and minimize N excretion has to beand peptides. Russell et al. (1988) identified species of
coupled with an adequate and correct nutrition programbacteria that had 18 to 39 times higher NH3 producing
specific for each situation. We were not aware of anyability than previously known species in the rumen.
experiment that has been conducted to further investi-These bacteria [classified as gram-negative strains of
gate this hypothesis and to additionally consider thePeptostreptococcus and Clostridium species; Paster et
effect of ionophores on the fate of N once it is eliminatedal. (1993)] required an amino acid source for growth and

were sensitive to monensin. Other studies have shown a via manure and subsequently applied to land.



1596 J. ENVIRON. QUAL., VOL. 32, SEPTEMBER–OCTOBER 2003

ACCOUNTING FOR THE EFFECTS OF 1.6% and feed efficiency by 7.5%). Our calculations
indicated that the diet NEm would have to be increasedIONOPHORES IN DIET FORMULATION
by 12% to predict the experimental results summarizedA reduction on manure N can be achieved in two by Raun (1990) in which the diets averaged 28 mg kg�1 inways: (i) increased animal performance from the same the dry matter (DMI reduced 4%, ADG was increaseddiet and/or (ii) a reduction in concentration of protein 1.8%, and F/G was improved 5.6%).in the diet to achieve the same performance. The first Using these adjustments, the data shown in Table 2option would result in fewer animals required to pro- were obtained with simulations of two different levelsduce the same amount of milk or meat. The second of concentrate in the diet. Based on our simulations, theoption would require an improvement in the efficiency National Research Council (1996, 2000) recommended

of protein utilization. Precision diet formulation is needed that diet NEm be increased by 12% to account for the
to realize the benefits of adding an ionophore to cattle effect of any ionophore and DMI be reduced 4% when
diets. Ration formulation programs must be able to ac- monensin is fed at 28 to 33 mg kg�1.
count for the effects of monensin on feed intake, diet Fox et al. (2003) developed a method for the Cornell
metabolizable energy (ME) and net energy (NE) values, net carbohydrate and protein system (CNCPS) model
and ruminal protein degradation in each unique produc- to account for the ruminal protein sparing effect of
tion situation. monensin in diet formulation. In the CNCPS model,

Fox and Black (1984) developed adjustment factors peptide uptake by bacteria is reduced by one-third when
for DMI and apparent feed NEm and NEg values when the diet contains monensin, based on Russell et al.
monensin is fed, based on DMI, ADG, and feed conver- (1992). This adjustment, which was adopted by the Na-
sion (feed to gain ratio, F/G) reported for the original 19 tional Research Council (1996, 2000), increases the pro-
trial summary of feedlot studies with monensin (Elanco, portion of feed protein that escapes degradation in
1978). The adjustments for the inclusion of monensin the rumen.
in the diet were as follows: DMI was reduced by 6% The CNCPS model does not include any adjustments
for monensin in the diet at 22 mg kg�1 and by 10% for ionophores for lactating dairy cattle since this is not
for monensin at 33 mg kg�1. Feed NEm and NEg were an approved use in the USA (McGuffey et al., 2001).
increased by 6% when monensin was fed at 22 mg kg�1

In the CNCPS model (Fox et al., 2003), the effects of
and by 11% for monensin at 33 mg kg�1. ionophores are accounted for in formulating diets for

Subsequently, these adjustments have been refined growing cattle by using National Research Council
based on later studies with larger and more complete (1996, 2000) recommendations. The following computa-
databases. In initial experiments, molar percentages of tional procedures are applied when an ionophore is
propionic acid were increased 5.6% and acetic and bu- added to the diet that does not have supplemental ani-
tyric acids were decreased 4 and 1.1%, respectively, mal fat added: (i) DMI is predicted with the National
when monensin was added to the diet. This shift in Research Council (1996, 2000) equations, using diet
ruminal fermentation resulted in 3.1% more energy re- NEm unadjusted for ionophores, then is reduced 4%
covered from hexose (Raun, 1990). This improvement when monensin is fed at 28 to 33 mg kg�1; (ii) diet
in fermentation efficiency would result in 5.7% more NEm used to compute feed required for maintenance is
ME available and 5.5% less feed required for gain. How- increased 12% if an ionophore is fed; (iii) peptide up-
ever, the ME of the diet should be increased by 14.9% take rate is reduced one-third if monensin is fed; (iv)
to match the predicted and observed ADG, which is the concentration of nutrients needed in the DMI ad-
considerably larger than the 3.1% based on ruminal justed for ionophores to support the energy allowable
VFA change (Raun, 1990). This suggests that the in ADG or milk production is determined; and (v) the
vivo actual increase of propionic acid production may nutrients excreted are predicted.
be two to four times greater than the propionic acid Lana et al. (1997) evaluated the CNCPS model con-
molar percentage concentration change, which would taining these adjustments and found that monensin in-
result in fermentation efficiency improvement account- creased the efficiencies of feed and nitrogen utilization
ing for all of the improvement in feed efficiency (Prange
et al., 1978; Richardson et al., 1976; Van Maanen et al., Table 2. Model adjustments needed to support the experimen-

tally observed performance in beef cattle.†1978). Based on heats of combustion of hexose and CH4,
monensin-supplemented diets increased fermentation Concentrate in the diet (%)
efficiency by 6.3% in holstein steers weighing 290 kg 90 40
(Armentano and Young, 1983).

Monensin, mg kg�1 28 33 28 33We developed adjustments to DMI and feed NE val- DMI, % change �4 �6.4 �4 �6.4
ues when monensin is added to the diet of growing ADG, % change �1.5 �1.8 �4.5 �6.0

DMI/ADG, % change �5.3 �8 �7.9 �11.2cattle based on the analysis of Byers (1980), and on the
NEm improvement‡, % change �12 �20 �12 �20

summaries of research data by Goodrich et al. (1984)
† ADG, average daily gain; DMI, dry matter intake; NEm, net energyand Raun (1990). Calculations indicated that the diet

for maintenance.
NEm value would have to be increased 20% to predict ‡ The NEm improvement was that determined with the Cornell net carbo-

hydrate and protein system (CNCPS) model to support the performancethe experimental results summarized by Goodrich et al.
observed in the trials summarized by Raun (1990) at 28 mg kg�1 and(1984), in which the diets averaged 32 mg kg�1 monensin Goodrich et al. (1984) at 33 mg kg�1.

(DMI reduction of 6.4% and improvement in ADG of
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in all treatments. Ruiz et al. (2001) evaluated this model nensin and tallow (Simulation 3), ruminal microbial pro-
in lactating dairy cows and reported that monensin in- tein production was decreased by 23 g d�1, ruminal un-
creased milk production by 1.85 kg d�1, decreased fecal degraded feed protein was reduced by 22 g d�1, and
N by 13.6% (21.1 g d�1), and increased urinary N by ADG was unchanged when monensin was included in
6% (9.1 g d�1) with an overall manure N reduction of the diet (Simulation 2). The CNCPS model predicted
4% (12 g d�1). N excretion to be reduced by about 378 g per animal

over the feeding period due to feeding monensin.
Assuming that about 26 million similar cattleSIMULATIONS OF THE EFFECT OF

(26 901 000 for 2001; USDA, 2002) are fed annually inMONENSIN IN REDUCING RESOURCE
commercial feedlots in the USA and since most of themUSE AND NITROGEN INPUTS TO THE
already use monensin, its withdrawal would increase NENVIRONMENT
excretion by 9.8 Gg yr�1. Feed intake would increase

Commercial Feedlot Case Study by 52.9 kg per animal over the feeding period or 1.38 Tg
yr�1 of dry matter to keep the same level of production.Data from closeouts over a one-year period of 8624
Assuming 86% was corn grain and a corn grain yieldsteers fed corn-based rations for 126 d in a Kansas feed-
of 8.6 Mg ha�1 (USDA, 2001), an increase in approxi-lot (Guiroy et al., 2001) were used to predict the effect
mately 135 000 to 140 000 ha of corn would be required.of monensin on N excretion in feedlot cattle with the
Since most beef feedlots are unsheltered, as much asCNCPS model, Version 5.0. The steers had an average
70% of the N in manure may be volatilized (Councilinitial weight of 311 kg and an average final weight of
for Agricultural Science and Technology, 2002; Klop-533 kg, DMI was 9.97 kg d�1, and ADG was 1.79 kg

d�1. The actual ration fed, which included both monen- fenstein and Erickson, 2002). Further reductions in N
sin and tallow, is described in Table 3. As discussed excretion could be achieved if diets were formulated
previously, the inclusion of supplemental animal fat in more closely to animal requirements.
the diet may partially or totally eliminate the animals’
response to monensin, so the monensin adjustments Dairy Farm Case Study
were not applied for the evaluations shown for the actual

In approved experiments, diet concentrations of mo-diet. When the actual diet (� tallow � monensin; Simu-
nensin for lactating dairy cattle (10–15 mg kg�1) are atlation 1 in Table 3) was evaluated, the CNCPS model
least twice lower than used in beef feedlot situationsestimated an ADG of 1.78 kg d�1, which is nearly identi-
(25–33 mg kg�1) (Feed Additive Compendium, 2002);cal to the ADG observed. In the second (� tallow �
therefore, the 12% adjustment to diet NEm probablymonensin) and third simulations (� tallow � monensin)
represents an overcorrection for typical lactating dairy(Table 3) we replaced the tallow with flaked corn grain.
cow diets. Since we have not modeled the effects ofTo simulate the effects of monensin, the diet NEm was
feeding monensin to dairy cattle, we used data summa-increased by 12% as suggested by the National Research
rized from the trials of Ramanzin et al. (1997), Syma-Council (1996, 2000) (Table 2) and to simulate the ef-
nowski et al. (1999), and Ruiz et al. (2001) to predictfects of not including monensin, the actual DMI was
the effect of feeding monensin to lactating dairy cattledivided by 0.96, with no adjustment to diet NEm. Simula-
(Table 4). On average, monensin decreased DMI bytions 2 and 3 indicated that the reduction in feed intake
3% and milk fat by 1.2%, and increased milk productiondid not change ruminal N adequacy (balance was near
by 2.6%, milk protein by 1.3%, and milk productionzero), which is needed to support microbial growth for

ruminal fermentation. Compared with not feeding mo- efficiency (kg kg�1) by 5.7%. The increases in milk fat

Table 3. Simulation results for a beef cattle production scenario.†

Simulation‡

Variable 1 2 3

Feeds, % of dry matter
Alfalfa hay 7.00 7.00 7.00
Cracked corn grain 41.75 41.75 41.75
Flaked corn grain 41.75 44.25 44.25
Sugarcane molasses 2.00 2.00 2.00
Tallow 2.50 – –
Supplements 5.00 5.00 5.00
Crude protein, % of dry matter 12.6 12.8 12.8
Total digestible nutrients, % of dry matter 94 91 91
Metabolizable energy, Mcal kg�1 3.13 3.03 3.03
Dry matter intake, kg d�1 9.97 9.97 10.39
Average daily gain, kg d�1 1.78 1.76 1.75
Metabolizable protein, g d�1 989 1023 1068
Metabolizable protein from bacteria, g d�1 631 654 677
Metabolizable protein from undegraded feed, g d�1 358 369 391
Ruminal N balance, g d�1 5 0 0
N excretion, g d�1 168 171 174

† Based on information provided by Guiroy et al. (2001).
‡ Simulation 1 includes both monensin and tallow, Simulation 2 has monensin but no tallow, and Simulation 3 has no tallow and no monensin.
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Table 4. The effect of monensin on lactating dairy cattle per- is to compute CH4 production empirically based on diet
formance.† carbohydrate fractions such as neutral detergent soluble

Variable Control Monensin Change and neutral detergent fiber compounds. Johnson and
Ward (1996) compared CH4 production using three em-%
pirical equations; the equation using sugars and starchDMI‡, kg d�1 20.8 20.2 �3.0

Milk, kg d�1 26.8 27.5 2.6 could account for 82% of the variation in CH4 produc-
Milk protein, g d�1 833 844 1.3 tion. Level of intake can also be used to discount CH4Milk fat, g d�1 1011 999 �1.2
Milk/feed, kg kg�1 1.29 1.36 5.7 production (Blaxter and Clapperton, 1965). Once CH4

is estimated, the equivalent energy can be added or† Based on a summary of the data of Ramanzin et al. (1997), Symanowski
et al. (1999), and Ruiz et al. (2001). subtracted from the digestible energy; the heat of com-

‡ Dry matter intake. bustion of CH4 is 0.211 Mcal mol�1 (Benchaar et al.,
1998), leading to an adjusted digestible energy for CH4.
This approach is more mechanistic than using an invari-and milk protein represent lower milk fat and protein

concentrations, but due to the 2.6% higher milk volume, able 12% to account for increases in diet NEm due to
CH4 reduction caused by ionophores.total fat and protein production is increased. When these

values were extrapolated to all milking cows in the Although the majority of CH4 production occurs in
the rumen, a large amount may be produced in theUnited States (approximately 9 210 000 cattle; USDA,

2001) feed intake would be reduced by approximately hindgut if starch escaping from the rumen is increased
by feeding ground or pelleted diets. Increases in VFA2.126 Tg yr�1 and milk production increased by 2.311

Tg yr�1. Typical lactating dairy cow diets contain 18% production in the hindgut were observed with high grain
content diets (Siciliano Jones and Murphy, 1989), whichcrude protein. Assuming dietary crude protein contains

16% N, the 3% reduction in feed intake (Table 4) repre- indirectly increased CH4 production in the hindgut. Im-
mig (1996) reported that 28 to 592 mmol d�1 of CH4sents a 61.2 Gg yr�1 reduction in N intake (2.126 Tg

feed yr�1 � 0.18 g protein g�1 feed � 0.16 g N g�1 may be produced in the hindgut, accounting for 6 to
14% of total CH4 production. Ionophores can equallyprotein � 61.23 Gg N yr�1). Assuming milk protein

contains 15.7% N and milk protein is augmented by control CH4 production in the hindgut (Mbanzamihigo
et al., 1996) via acetate to propionate ratio change;11 g d�1 when using monensin (Table 4), the increase

in milk N production would be 5.81 Gg yr�1 (11 g protein therefore, a hindgut model is an essential component
to adequately estimate ruminant CH4 production andd�1 � 0.157 g N g�1 protein � 365 d yr�1 � 9 210 000

cows � 5.806 Gg N yr�1). Therefore, the inclusion of minimize it.
The mechanisms controlling DMI are complex andmonensin may decrease N excretion by 67 Gg yr�1. Fox

et al. (2002) and Wang et al. (1999) reported that ground not fully understood. The decrease in DMI associated
with feeding an ionophore may be more multifacetedand surface water nutrient levels increase in direct pro-

portion to the amount of manure (and manure nutri- than currently modeled by the National Research Coun-
cil (2000). It is well documented that ionophores in-ents) applied to the land. Since less nutrients are fed

(and excreted) when monensin is fed to lactating dairy crease the proportion of propionate to acetate. This may
partially explain the reduction in DMI, since ruminalcattle, nutrient loading rates would decline, thus aiding

in the better utilization of remaining nutrients. infusion of propionate reduced intake more than acetate
infusion in mid-lactation holstein dairy cows (SheperdBased on these simulations, reducing manure nutri-

ents (via decreased manure volume when an ionophore and Combs, 1998). Additionally, Anil and Forbes (1980,
1988) demonstrated that infusion of propionate into theis fed, and decreased manure nutrient content when

precision feeding is implemented) may reduce nutrient portal vein had a noticeable depression effect on feed
intake. In ruminants, in response to nutritional and hor-losses to the environment (Tylutki et al., 2002). Ac-

complishing this reduction requires improved farm man- monal regulation, gluconeogenesis from propionate is
the major source of glucose (Danfær et al., 1995) de-agement, precision feeding, and implementing technolo-

gies such as ionophores and metabolic modifiers. pending on the availability of propionate. The increase
in glucose in the blood may in part explain animal satiety
and consequent reduction in intake in nonruminants;

FUTURE RESEARCH AND MODELING however, apparently the infusion of glucose either into
the portal or jugular veins produced no effect on feedThere have been a large number of animal experi-
intake for ruminants (Van Soest, 1994). Reduction inments investigating the effects of ionophores on cattle
intake has also been observed when ruminal osmolalityand poultry performance; however, the modeling and
increases (Forbes et al., 1992; Villalba and Provenza,simulation of such effects has not been pursued with
1996).the same intensity. Modeling is needed to use the experi-

Another factor that governs intake of forage diets ismental data to improve our understanding of the effects
the physical distension of the rumen (Mbanya et al.,of ionophores in ruminant metabolism and to account
1993); the degree of rumen fill is affected by the ratefor their effects in diet formulation.
feed is degraded and escapes the rumen (Clark andA more mechanistic model can be used to compute
Armentano, 1997). There has been some indication thatCH4 production in each unique production situation,
ionophores decrease fluid passage rate, as determinedgiven the VFA production profile (Wolin, 1960) as

shown by Benchaar et al. (1998). A simpler approach in both in vivo (Lemenager et al., 1978; Pordomingo et
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Beckett, S., I. Lean, R. Dyson, W. Tranter, and L. Wade. 1998. Effectsal., 1999) and in vitro methods (Stanier and Davies,
of monensin on the reproduction, health, and milk production of1981), but results have been mixed in grazing animals
dairy cows. J. Dairy Sci. 81:1563–1573.(Branine and Galyean, 1990; Ward et al., 1990a,b). Beede, D.K., G.T. Schelling, G.E. Mitchell, Jr., R.E. Tucker, W.W.

Based on the discussion above, it is clear that a large Gill, S.E. Koenig, and T.O. Lindsey. 1986. Nitrogen utilization
amount of data has been accumulated regarding the and digestibility by growing steers and goats of diets than contain

monensin and low crude protein. J. Anim. Sci. 62:857–863.effects of ionophores, more specifically monensin, in
Benchaar, C., J. Rivest, C. Pomar, and J. Chiquette. 1998. Predictionanimal diets on performance and ruminal fermentation

of methane production from dairy cows using existing mechanisticpattern; however, little information regarding iono- models and regression equations. J. Anim. Sci. 76:617–627.
phores and animal metabolism is available. Data model- Bergen, W.G., and D.B. Bates. 1984. Ionophores: Their effect on
ing and simulation when formulating diets can be used production efficiency and mode of action. J. Anim. Sci. 58:1465–

1483.to direct future research and to apply current knowledge
Blaxter, K.L., and J.L. Clapperton. 1965. Prediction of the amountto better account for the effects of ionophores and other

of methane produced by ruminants. Br. J. Nutr. 19:511–522.compounds on CH4 and N production and potential Boadi, D.A., K.M. Wittenberg, and A.D. Kennedy. 2001. Validation
losses to the environment. of the sulfur hexafluoride (SF6) tracer gas technique for measure-

ment of methane and carbon dioxide production by cattle. Can. J.
Anim. Sci. 82:125–131.CONCLUSIONS Branine, M.E., and M.L. Galyean. 1990. Influence of grain and monen-
sin supplementation on ruminal fermentation, intake, digestionBased on our review of the literature and results from
kinetics and incidence and severity of frothy bloat in steers grazingmodeling of experimental data, the use of ionophores winter wheat pasture. J. Anim. Sci. 68:1139–1150.

in beef and dairy cattle diets may improve air quality Burkart, M.R., and D.E. James. 1999. Agricultural nitrogen contribu-
by reducing CH4 production and the amount of N ex- tions to hypoxia in the Gulf of Mexico. J. Environ. Manage. 28:850–

859.creted and water quality by reducing N in manure (feces
Byers, F.M. 1980. Determining effects of monensin on energy valueplus urine), which may leave the farm through leaching

of corn silage diets for beef cattle by linear or semi-log methods.into ground water and through runoff into surface water. J. Anim. Sci. 51:158–169.
This is accomplished by improving the efficiency of ru- Chalupa, W.H., B. Rickabaugh, D.S. Kronfeld, and D. Sklan. 1984.
minal digestion of feedstuffs and the amount of feed Rumen fermentation in vitro as influenced by long chain fatty

acids. J. Dairy Sci. 67:1439–1444.consumed for the same amount of meat and milk pro-
Chen, G., and J.B. Russell. 1989. More monensin-sensitive, ammonia-duced.

producing bacteria from the rumen. Appl. Environ. Microbiol.Our simulations indicated that if ionophores were
55:1052–1057.

withdrawn from all beef cattle diets in the USA, N Chen, G., and J.B. Russell. 1991. Effect of monensin and a protono-
excretion to the environment would be increased by 9.8 phore on protein degradation, peptide accumulation and deamina-

tion by mixed ruminal microorganisms in vitro. J. Anim. Sci. 69:Gg yr�1. Feed intake would increase by 1.38 Tg yr�1 of
2196–2203.dry matter, which corresponds to an increase in 135 000

Chen, M.J., and M. Wolin. 1979. Effect of monensin and lasalocid-to 140 000 ha of corn field for grain production. Addi-
sodium on the growth of methanogenic and rumen saccharolytic

tionally, if monensin was fed to lactating dairy cows, a bacteria. Appl. Environ. Microbiol. 38:72–77.
reduction in 67 Gg yr�1 of N was estimated by our Chow, J.M., J.S. Van Kessell, and J.B. Russell. 1994. Binding of radio-

labeled monensin and lasalocid to ruminal microorganisms andsimulations. Because a high proportion of N from urine
feed. J. Anim. Sci. 72:1630–1635.is volatilized, reductions in total manure N excreted

Clark, P.W., and L.E. Armentano. 1997. Influence of particle size onwould benefit air quality in areas with high concentra-
the effectiveness of beet pulp fiber. J. Dairy Sci. 80:898–904.tions of livestock. Clary, E.M., R.T. Brandt, Jr., D.L. Harmon, and T.G. Nagaraja. 1993.

The inclusion of ionophores in cattle diets to reduce Supplemental fat and ionophores in finishing diets: Feedlot perfor-
mance and ruminal digestion kinetics in steers. J. Anim. Sci. 71:CH4 emission to the atmosphere, improve protein reten-
3115–3123.tion and efficiency (thus reducing N excretion), and
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Metabolism of Farm Animals, 13th, Mojácar, Spain. 18–24 Sept. Muntifering, R.B., B. Theurer, and T.H. Noon. 1981. Effects of monen-
sin on site and extent of whole corn digestion and bacterial protein1994. CSIC Publ. Serv., Mojácar, Spain.
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