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Meat quality, like artistic beauty, starts in the eye of the
beholder. But in addition to the eye, meat quality also de-
pends on the palate, the palette, the pallet, or the pocket-
book, depending on the specific consumer. Artistic values are
difficult to quantify using scientific measures. Being so de-
pendent on uncontrolled preparation and environmental fac-
tors, an “ideal buying, cooking, and eating experience” may
prove impossible to predict, even from results of extensive
carcass grading and findings from trained sensory panels. In-

stead, meat scientists must try to understand and detect the
factors that may detract or distract from quality and attempt
to reduce the prevalence of unpleasant experiences for differ-
ent types of consumers. For discussion, meat quality factors
have been divided into visual quality components, cooking
properties, and organoleptic characteristics as shown in Table
1.

Although Moody (1976) in a previous summary at this con-
ference concluded that nutritional regimen of cattle has little
impact on beef palatability, more recent research suggests that

TABLE 1. Relationshipsa between feeding and animal production system and meat quality factors that have received research attention
.

Animal Type/Diet/Feeding/Handling Factor

Animal Rate of Feedlot Dietary Dietary Energy Feed Handling/
Trait age Breed Gender gain Grazing days protein fat source additives stress

Visual Quality components
 Lean color N N Fe, E/AO N
 Lean texture N
 Fat color N N N N
 Fat melting point N N N N N
 Marbling N N N N N N N
Cooking properties
 Weight changes:
  Drip loss
  Cooking loss
Organoleptic characteristics
 Tenderness N N N N Vit D, Mg
 Juiciness N N
 Flavor desirability N N N N
 Flavor intensity N N N N N
 Acceptability N N
 Shelf life N Vit E
Live Grading Y Y Y Y Y Y Y
Carcass Grading Y Y/N Y Y

aRelationships: Y - indicates factor affects trait according to published literature; N - indicates factor does not affect trait according to
published literature; Blank - no data in published literature.
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feeding systems and diet can alter certain carcass measure-
ments and might even affect beef quality for the consumer.
This review will emphasize research conducted in the U.S.,
primarily with beef. As the effect of vitamin E supplementa-
tion and of growth stimulants on meat quality have been dis-
cussed elsewhere (Liu et al., 1995; Morgan, 1997), those top-
ics were excluded from this discussion. We also avoided
discussion of factors altering nutritional value of meat and
about post-harvest processing of meat products.

In an attempt to quantify the relationship between dietary
factors involved with ruminant production and meat quality,
we assembled much of the available literature related to diet
and meat quality published in the past two decades. After
implant studies were removed, 54 different trials remained
with a total of 232 separate treatment-trial combinations. We
then removed all values for cows from the data set, though
for discussion of age effects, this topic was retained. Using
individual treatment means, we calculated correlations be-
tween 10 different meat quality factors and a) 12 factors in-
volved with beef production (diets, feedstuffs, and animal fac-
tors) and b) 13 specific carcass measurements. The meat quality
factors we considered include those involved with meat prepa-
ration as well as acceptability. Correlations were calculated
across all treatments in all trials from which the measure-
ments were reported. We also used stepwise regression to
detect the relative importance of the various animal and car-
cass factors that potentially could influence meat quality. Only
factors that had a significance level over .15 were included in
these regressions. Stepwise regression used only information
from experiments in which the factor was varied; thus, com-
pared with simple regression, stepwise regression should pro-
vide a more reliable index of the response to a change in the
factor of interest. Finally, we screened the assembled publi-
cations for additional nutritional factors or relationships that
might be used to alter meat quality. Note that means were
used in all these analyses despite the fact that variability also
is important. Indeed, variability within a meat quality trait
may be more important for processors and consumers of beef
than consumers of other meats, considering the greater ge-
netic and environmental diversity currently involved in pro-
duction of cattle than of swine and poultry.

Transformation of sensory panel results became necessary
because of the wide diversity in the range (from 7 to 14) and
in the ideal value for sensory traits (from 1 to 14). For statisti-
cal analysis and discussion in this paper, all sensory panel
values were converted to the scientifically accepted metric/
Olympic/Bo Derek scale (range = 10; ideal value = 10).

The specific animal- and feed-related factors, and with their
relationships to appearance and palatability of meat, result in
a large matrix of factors (Table 1); only a few of these have
received sufficient research attention to merit discussion in
this paper. Although blank sites in this matrix may have been
researched, reviewed publications during the past 20 years
were not located. Certain factors can be sensed when cattle
are appraised live; others are detected either directly or indi-
rectly when carcasses are graded, and certain sensory factors
go undetected until meat is consumed. Advances in the sen-

sory detection techniques, e.g., the ‘artificial nose’, should
improve scientific accuracy in some of these areas and ad-
vance our understanding of meat quality. These designated
relationships will be discussed in the order in which meat
quality factors are listed.

Lean color. The grade discount for maturity recently was
strengthened based on the suggestion that beef tenderness
decreases as animals become older. Bone and lean maturity
are averaged to derive an overall maturity estimate. Darker
lean of aged animals has been attributed to increased myo-
globin concentrations, though lean maturity can be influenced
by many factors in addition to age. Indeed, lean maturity has
proven unreliable as an index of age calculated from known
birthdates (Burton et al., 1993) or dentition (unpublished).
Pasture-finished steers have darker colored meat than grain-
finished steers (McCaughey and Cliplef, 1996). Feeding a
concentrate diet to cows for a month or longer will reduce
longissimus darkness (higher Hunter L* values) resulting in a
younger lean maturity (Cranwell et al., 1996). Whether this
change is due to dilution of the lean, to altered visual acuity
(increased marbling), to an increase in the ratio of white to
red muscle fibers as noted with lambs fed higher concentrate
diets (Solomon and Lynch, 1988), or a consequence of a re-
duced dietary iron content that might reduce heme or allevi-
ate hemosiderosis is not known. Importance of diet type on
lean color of steers is not completely consistent. Compared
with concentrate-fed cattle, darker lean color has been de-
tected in many studies with forage-finishing programs
(Schroeder et al., 1980; Bennett et al., 1995) but not in other
studies involving cattle (Simonne et al., 1996) or goats (Johnson
and McGowan, 1998). Supplemental fat in feedlot diets has
improved longissimus lean color (Brandt et al., 1992). The
preferred pale color of veal can be maintained by restricting
intake of dietary iron and supplementing the diet with mono-
sodium phosphate and vitamin E (Agboola et al., 1988). The
effects of restricting iron or copper intake or supplemental
nutrients on reducing either myoglobin or other iron com-
plexes in muscle tissue and thereby the influence of these
factors on the lean color of aged cows is not known. Although
the ratio of metmyoglobin to oxymoglobin in exposed meat
surfaces appears to be higher among Holstein than beef breeds
(Mitsumoto et al., 1991), differences in total heme concen-
trations of tissue have not been examined. With veal, total
and heme iron as well as other nutrients in meat were altered
to a greater degree than certain other nutrients whose con-
centrations supposedly are determined genetically (Leonhardt
and Wenk, 1997).

Factors detected as being correlated with meat color or
lean maturity (Table 2), included greater longissimus lipid
concentration and a darker color for heifers than steers. Some
relationships probably are indirect, e.g., the relationship to
kidney-pelvic-heart fat percentage (KPH) may reflect age,
while higher dietary concentrate levels probably increased
longissimus lipid concentration.

In addition to the maturity discount associated with dark
colored lean, beef classified as severely dark is discounted
markedly, a condition commonly called “dark cutters”. Oth-
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ers have reviewed the handling-stress, temperament, glyco-
gen shortage, and seasonal differences in incidence of dark
cutting beef (Jones and Tong, 1989; Kreikemeier et al., 1998).
One patent by Schaefer et al. (1996) claims that in addition to
reducing transport shrink, the incidence of dark cutting beef
among 2,000 feedlot-finished bulls was reduced from 5 to
15% to under 1% when 500 g per head of a mixture that
included a bypass protein supplement (corn gluten meal),
carbohydrates (dextrose and lactose from skim milk and whey
powder), methionine, threonine, and lysine, plus electrolytes
(potassium bicarbonate, sodium chloride and magnesium
sulfate) was provided for 24 h prior to harvest. Supplying
ruminally non-fermented glucogenic feed additives like pro-
pylene glycol, regularity of feeding, and glucose loading
should help maintain or increase tissue glycogen concentra-
tions and reduce the incidence of dark cutting beef associ-
ated with glycogen depletion. The theory that reduced en-
ergy reserves at harvest can increase the incidence of dark
cutting beef is supported by the observations that longer lairage
time associated with “starter” cattle (Kreikemeier et al., 1998)
and the fact that feed withdrawal for 24 h prior to transport
(Janloo et al., 1998) can double its incidence. Reduced water
intake and dehydration prior to harvest also might be involved.

A subnormal surface body temperature of cattle at harvest
has been associated with an increased incidence of dark cut-
ters (Tong et al., 1997), though this seems contradictory to the
observation that increased activity associated with muscle
glycogen depletion should elevate body temperature. The in-
cidence of DFD is greater for swine carcasses that maintain
an elevated temperature following harvest (McCaw et al.,
1997). Rate of cooling was detected as being slower for cows
than for carcasses of younger cattle (Wythes and Shorthose,
1991), though cooling rate has been more typically related to
fat insulation than to carcass mass or age.

Redox state and degradation of myoglobin readily alter
meat color; ammonia exposure, ascorbic acid dipping
(Mitsumoto et al., 1991), and elevated concentrations of ni-
trate or tyrosine also may be important. Anecdotal reports
suggest that elevated dietary vitamin E concentrations for sev-
eral months prior to harvest can markedly reduce the inci-
dence of dark cutting carcasses. Darkening or blackening of
bone, usually associated with capillary damage of hemopoi-
etic tissues and oxidation of released heme seen with freez-
ing and thawing appears to be completely independent of
dark cutting beef.

Lean texture. Lean texture and firmness have received lim-
ited attention in the North American studies. Schroeder et al.
(1980) indicated that longissimus lean texture was coarser for
forage-finished than for concentrate-finished beef cattle. But
in goats, the opposite was noted; lean texture being finer with
an intensive than a semi-intensive finishing program (Johnson
and McGowan, 1998).

Fat color. Nutrition, age, gender, and breed all influence
fat color (Walker et al., 1989). The Hunter b* measurement,
sensing yellowness/blueness, typically is used to quantify fat
color, even though it accounts only for about half of the varia-

tion in subjective fat color scores noted by trained observers.
Color of fat is largely dependent on its carotenoid (largely
beta- but also alpha-carotene and xanthophyll) content. De-
rived from plants, beta-carotene is more extensively cleaved
to colorless vitamin A by intestinal and(or) hepatic hydrolyases
of certain cattle breeds. Whiter, lower beta-carotene milk from
Holsteins than from Island dairy breeds of cattle is a result of
more extensive cleavage of beta-carotene; this explains the
more intense yellow color of fat from certain dairy cattle breeds
than from British and European breeds (Walker et al., 1989).
Feedlot-finished ruminants consistently have whiter fat color
scores than those that have been fed or have grazed forage,
both in the case of cattle (Simmone et al., 1996; Schaake et
al., 1993; Walker et al., 1989; Bennett et al., 1995) and lambs
(Solomon and Lynch, 1988). Feeding supplemental concen-
trate to grazing cattle also can decrease yellow fat pigmenta-
tion over a period of several months (Dinius and Cross 1978;
Forrest, 1981). This decrease in color intensity parallels the
decrease in concentration of beta-carotene in muscle
(Simmone et al., 1996). In addition, carotenoid content of the
depot lipid will differ with seasonal differences in carotenoid
concentrations of dietary plants or feeds (plant senility; pres-
ervation as silage or hay vs grazing; conservation with anti-
oxidants). Even when concentrates are fed, fat color will dif-
fer being deeper yellow in color for feedlot steers finished on
corn than on sorghum-based diets or white corn grain, pre-
sumably a result of cryptoxanthene provided by corn (Brandt
et al., 1992). Supplemental yellow grease further increased
fat yellowness when added to yellow corn diets, but whether
this was due to decreased fat (and carotene) turnover, increased
xanthophyll absorption, pigments present in the grease, or
other factors is not clear. Effect of gender on fat color is not
typically of concern, but Walker et al. (1989) noted that fat
was consistently more yellow for female than for male cattle
and that yellowness of fat increased as pastured animals aged.
Fat color decreased as the amount of time spent in the feedlot
increased and the level of concentrate fed during finishing
was increased.

Fat melting point. Melting point of depot fat is largely de-
pendent on its fatty acid composition, with higher concentra-
tions of unsaturated fatty acids leading to fat that liquefies at a
lower temperature. For carcass fabrication, fat that is more
solid (hydrogenated fatty acids) is preferable. Fat melting point
can be influenced by genetics and(or) the environment. Com-
pared to Bos taurus-sired cattle, Brahman-sired cattle had less
saturated subcutaneous fat (less 14:0 and 16:0) and its melt-
ing point was 2.5oC lower (Perry et al., 1998); in addition,
these researchers reported that melting point and saturation
both decreased as age increased. Due to the force of gravity,
heat stress of cattle with less saturated fat could cause accu-
mulation of melted fat around the ankles decreasing both
mobility and reproductive capacity of these animals. Statis-
tics indicate that couples with air conditioning have 1.5 more
children than couples with no air conditioning; similarly obe-
sity in the human population in developed countries might
be blamed on air conditioning. With finishing steers, the
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amount of subcutaneous fat and yield grade both tended to
decrease with greater cold stress (Dahlquist and Mader, 1992),
opposite the theory that for survival under cold stress increased
insulation and greater energy reserves would be desirable.

Age effects on fatty acid saturation must not be confused
with dilution effects associated with concentrate feeding and
fattening. Duration of concentrate feeding has been associ-
ated with increased concentrations of stearic, oleic, and lino-
lenic acids (Camfield et al., 1997), presumably due either to
dilution of initial lipid or cell wall lipid with fatty acids largely
hydrogenated during passage through the rumen. In contrast,
level of linolenic acid was twice as high in lean tissue from
pasture-finished animals than in samples from steers fed 100
d in a feedlot (Miller et al., 1981). This reflects the less satu-
rated nature of lipids in growing plants than that deposited by
animals fed typical grain diets. Even though feeding Wagyu
cattle feedlot diets for a longer time (170 vs 90 d) increased
subcutaneous fat thickness, KPH, and marbling, it decreased
saturation of both subcutaneous and longissimus lipids (Xie et
al., 1996), supporting the concept that greater age, even among
cattle fed concentrate, will decrease saturation of depot fat.

The impact of dietary fat saturation on saturation of depot
lipid is less dramatic for ruminants than non-ruminants; this
is the result of extensive biohydrogenation of fatty acids by
ruminal microbes. Nevertheless, an increased intake of un-
saturated lipids (high oil corn) can reduce saturation of long-
issimus lipids (McGuire et al., 1998). Through inhibiting ru-
minal biohydrogenation, ‘protected’ lipids can increase
polyunsaturated fatty acid content of beef fat. Although pro-
tection with calcium soaps may be too dependent on ruminal
pH to prove useful with concentrate diets (Van Nevel and
Demeyer, 1996), inhibiting biohydrogenation via certain feed
additives, e.g., ionophores or antibiotics, may prove fruitful.
Indeed, Marmer et al. (1985) reported that including
monensin, an ionophore, in the diet of steers decreased ru-
minal biohydrogenation. Ionophores will reduce both rumi-
nal hydrolysis of triglyceride and hydrogenation of released
free fatty acids (Van Nevel and Demeyer, 1995); this allows
more of the unsaturated fatty acids from the diet to pass to the
small intestine for absorption. Gilka et al. (1989) also noted
that feeding ionophores to lambs increased the proportion of
heptadecanoic acid (C-17) in depot fat, presumably due to
altered ruminal metabolism.

Higher concentrations of polyunsaturated fatty acids may
have favorable effects both on nutritional and sensory proper-
ties of beef fat (Demeyer, 1997). Higher concentrations of
polyunsaturated fats are found in grass-finished beef (Johnson
and McGowan, 1998) and in cattle supplemented with diets
containing unsaturated fatty acids from grains or vegetable
oils (McGuire et al., 1998). However, higher concentrations
of unsaturated fatty acids in depot sites have two disadvan-
tages. First, they increase fluidity of beef making fabrication
more difficult, and second, they increase the potential for ran-
cidity and formation of off-flavors often associated with for-
age-finished beef (Bennett et al., 1995). Altered flavors have
been associated with 1) higher concentrations of linolenic
acid (C18:3; Mandell et al., 1998) and 2) other lipids includ-
ing diterpenoids - a product of ruminal catabolism of chloro-

phyll (Griebenow et al., 1996), polar lipids, and lipid-soluble
compounds from plants can alter meat flavor. Grain-based or
grass-based diets increase muscle concentrations of n-6 and
n-3 fatty acids, respectively (Wood and Enser, 1997). For cen-
turies, swine have been fed acorns in Spain to produce pork
with a nutty flavor. Supplementation of swine diets with vari-
ous herbal flavors including oregano, nutmeg, cinnamon, and
ginger is reported to influence the flavor of pork (Nisshin Feed
Company, Tokyo, Japan, as cited in Pig International, Novem-
ber 1998); similarly, feeding of flavors that are coated for ru-
minal escape might yield beef products with specific flavors.
Including fish meal in the diet can increase concentrations of
omega-3 fatty acids of beef (Mandell et al., 1997a); however,
if these compounds compromise flavor and shelf life of beef
as they do for milk, they may be of interest only to consumers
who like surf and turf.

Marbling degree and appearance. Although breed differ-
ences and genetics are closely involved with visually appraised
concentrations of intramuscular fat, certain nutritional and
hormonal factors such as androgenic implants, primarily
through altering physiological maturity at harvest, can influ-
ence marbling scores. Heavier carcass weights and longer
feeding times generally are associated with increased mar-
bling scores. In addition, supplemental dietary fat has often
(Brandt and Anderson, 1990; Brandt et al., 1992; Patil et al.,
1993) but not always (Dubeski and Owens, 1992) increased
marbling scores of feedlot cattle. Despite being used to ap-
praise carcass quality and value, marbling scores were only
moderately correlated in our survey of the available literature
(Table 2). In contrast, overall palatability was correlated very
closely with lipid content of longissimus muscle, indicating
that marbling score was not related very precisely to intra-
muscular lipid content (r = .33); indeed, cursory evaluation
of the plot of this relationship revealed definite curvilinearity.
Low lipid content was detected readily, but accuracy of pre-
diction was poor when lipid levels exceeded about 4%. This
might reflect greater fat dispersal throughout muscle at higher
fat levels. Alternatively, less saturated fatty acids in lipid may
be more liquid at cooler temperatures and be less detectable
visually.

Weight losses. Drip loss and cooking loss of beef prod-
ucts, though of consumer concern, have not been generally
related to pre-harvest factors, even though knowledge about
water-holding capacity of processed meats has clearly ad-
vanced in recent years. Hydration of glycogen and protein
appear to be related to fluid retention during both storage
and cooking. Through increasing muscle glycogen, increased
energy reserves at harvest would be expected to increase car-
cass weight retention. Meat pH can markedly alter water re-
tention because tissue proteins will be less extensively hy-
drated near their isoelectric point. Among the animal and
carcass factors involved with drip loss, greater animal age
and larger ribeye area were associated with a decrease in
drip loss, a fact supported by the premium paid for “bologna
bulls.” In general, drip loss and cooking loss were inversely
related; this indicates that an increased fluid retention at har-
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vest results in greater fluid loss during cooking. For example,
greater animal age at harvest was associated with reduced
drip loss but increased weight loss during cooking. Greater
protein content of the longissimus, bone maturity and age, as
well as fatness, e.g., marbling score and fat thickness but not
longissimus lipid content, also were associated with greater
cooking loss.

Meat quality components. Traditionally, the primary mea-
surements by sensory panels that relate to the consumer’s
concept of quality are overall acceptability of meat products
that in turn are divided into three components - tenderness,
juiciness, and flavor. In addition, flavor often is divided into
intensity and desirability. As duration of meat aging can mark-
edly influence tenderness and flavor, time course measure-
ments, where possible, are appropriate. People differ mark-
edly in taste acuity and preferences; thus, researchers often
screen potential sensory panelists, select individuals for simi-
larity, and train them. Such selected and trained panelists tend
to be more sensitive to quality differences. Although standard-
ized meat preparation methods should increase the sensitiv-
ity of tests, differences between research and commercial meat
preparation techniques, especially flame exposure and de-
gree of doneness, can reduce applicability of research results
(Wulf et al., 1996). As a course in viniculture makes students
more discriminating in their choice of fine wines, taste panel
experience through a course in carniculture similarly might
improve demand for high quality beef.

Among the three major components of overall desirability,
tenderness of beef has received the greatest research atten-
tion, possibly because shear force, a surrogate for sensory
panel tenderness, can be quantified mechanically. Correla-
tions in the compiled data set between overall desirability
and meat tenderness, juiciness, and flavor all were high (r =
.88 to .89). However, stepwise regression analysis revealed
that overall desirability was related more closely to juiciness
than to tenderness (Overall desirability, 10 point scale = 3.33
– 0.62 + .034 shear force in kg + .508 + .065 juiciness score;
R2 = .61).

Beef tenderness. Tenderness of beef often is evaluated
mechanically through determining maximum shear force in-
stead of determining a more subjective taste panel tenderness
rating. Although sensory panel evaluations of tenderness gen-
erally are inversely related to shear force, sensory panel ten-
derness in the combined data set was related more closely to
sensory panel juiciness (r = .76**) than to mechanical shear
force (r = -.58**). Protein content of longissimus muscle was
more closely correlated with shear force than with sensory
panel tenderness. However, for certain independent factors,
shear force and tenderness were not inversely related, as might
be expected. For example, replacement of fat by protein in
the longissimus increased both shear force and sensory panel
tenderness. This suggests that factors beyond mechanical force,
e.g., juiciness, may influence tenderness as perceived by hu-
mans. Various production factors known to influence tender-

ness include animal age and gender, time on feed, and activ-
ity of tenderizing enzymes, as well as numerous post-harvest
factors such as aging time and temperature, rate of cooling,
muscle stretch, and specific mechanical, physical, and chemi-
cal treatments that will not be discussed here. On a molecu-
lar basis, tenderness has been related primarily to 1) collagen
and 2) post-mortem calpain activity. As tissue concentrations
of collagen increase and solubility of collagen decreases, ten-
derness decreases. Similarly, reduced activity of the calcium
dependent proteases, m- and m-calpain, both of which can
be inhibited by calpastatin, will decrease tenderness. How
the production factors above alter collagen concentrations
and calpain activities have received limited attention.

Tenderness and animal background. In much of the early
literature, shear force was greater for longissimus muscle from
cattle and sheep that had been finished on grass or forage
than for those that had received supplemental grain or fed
concentrate diets (Bowling et al., 1977; Harrison et al., 1978;
Hedrick et al., 1983; Crouse et al., 1978; Davis et al., 1981;
Bidner et al., 1981; Berry et al., 1988). Much of this differ-
ence may be due to differences in physiological maturity,
because when fed to similar body weights and ages, differ-
ences in tenderness between ruminants fed forage and those
fed concentrate generally disappear (Reagan et al., 1977; Field
et al., 1978; Xiong et al., 1996; Mandell et al., 1998). Indeed,
in one study with ram lambs, shear force actually was lower
for animals fed a low concentrate than those fed a high con-
centrate diet. If forage diets result in less marbling, less muscle
glycogen, and less surface fat insulation, greater shear force
values for forage-fed animals are not surprising. However,
muscle glycogen at harvest was greater for forage-fed lambs
in this case. Although grain source or ensiling of feed does
not appear to alter tenderness (Mandell et al., 1997b), infe-
rior tenderness has been detected with certain forages (sor-
ghum silage - Coleman et al., 1995; peanut pastures - Bennett
et al., 1995). Despite its importance for improving beef qual-
ity, impact of diet on tenderness has received limited research
attention and no biochemical explanation for such differences
has been offered.

Tenderness and breed type. With the numerous breeds used
for beef production, it is surprising that differences among
breeds in tenderness have not been studied more thoroughly.
The general observation that shear force values are greater for
Bos indicus than for Bos taurus breeds (Wheeler et al., 1994;
1996) has been ascribed to greater calpastatin activity of Bos
indicus cattle (Koohmaraie, 1992). Differences in tenderness
within Bos taurus breeds generally have not proven signifi-
cant (Aberle et al., 1981; Nour et al., 1994; Mandell et al.,
1997b), despite marked differences in fat content of steaks in
some of these studies.

Tenderness and rate of growth. Aberle et al. (1981) pro-
posed that faster rates of growth are associated with greater
tenderness; this seems logical based on the assumption that
rates of protein synthesis and degradation generally are cor-
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related positively. Calkins et al. (1987) using various levels of
intake restriction to cause weight loss or gain of young bulls,
detected no relationship between daily gain and either shear
force or sensory panel estimates of tenderness. Although daily
gain for the total trial or the final 15 days on feed were signifi-
cantly correlated with shear force of individual cattle in a
200 head feedlot health trial (unpublished), when calculated
across studies (Table 2), longissimus shear force values were
greater for groups of cattle with slower rates of gain. Because
the correlations in Table 2 are compiled from across numer-
ous published studies, the poor correlation might simply re-
flect very low rates of gain observed at one university from
the Southern Plains or misestimations of shear force at one
USDA facility. Pre-harvest stress or stress susceptibility also
may influence beef tenderness. Feed withdrawal for 11 h prior
to harvest did not alter veal tenderness, but transport for 11 h
prior to harvest markedly decreased tenderness (Fernandez
et al., 1996); effects did not seem to be related to differences
in muscle pH or chemical composition.

Tenderness and chronological or physiological age. Be-
cause tenderness is consistently lower for mature than for
growing cattle, carcass maturity scores have been emphasized
in recent USDA carcass grade standard changes. Greater chro-
nological age decreased sensory panel tenderness for all beef
cuts measured in a study by Wulf et al. (1996), though corre-
lations with known age never exceeded .30. Miller et al. (1983)
noted that total collagen content of longissimus was greater
among more mature carcasses. Solubility of collagen also may
change with age. Field et al. (1997) found no differences in
shear force or collagen among steaks for various maturity
groups of heifers harvested after being fed a feedlot diet for
100 d. Similarly, Wythes and Shorthose (1991) detected no
significant effect of chronological age or dentition on shear
force values for cows, possibly because carcasses from ma-
ture cows cooled at a slower rate than carcasses from cows of
other ages. In our trial summary (Table 2), shear force increased
with chronological age at harvest and days on pasture. How-
ever, maturity indices based on visual appraisal of lean and
bone, though related in a positive fashion to shear force, were
not significant. This presumably reflects imprecision of age
estimation rather than lack of a relationship of animal age to
tenderness. The relationship of shear force to chronological
age may be curvilinear rather than linear, as reported by Bur-
ton et al. (1993) when steers were harvested at only 392 days
of age; shear force tended to be greater for cattle harvested at
438 than at either 392 or at 585 days of age. Similarly, Wythes
and Shorthose (1991) observed a trend for decreased shear
values as dentition (age) of steers increased.

Tenderness and gender. Although gender generally has lim-
ited impact on cooking or palatability attributes of beef, gen-
der differences in meat quality and response to electrical stimu-
lation of carcasses have been detected (Jeremiah et al., 1997a;
1997b); greater shear force reduction occurred with leaner
(steer) carcasses. In the compiled literature data set (Table 2),
heifers had greater shear forces, but, surprisingly, heifers were

declared as more tender in sensory panel studies. This may
simply reflect study differences. Before the women’s libera-
tion movement began, tenderness generally was considered
to be a feminine trait in humans, as well.

Tenderness and duration of concentrate feeding. In addi-
tion to decreasing color of the longissimus and fat, feeding
concentrate diets for a period of time prior to harvest will
improve tenderness of steaks from growing cattle (Coleman
et al., 1995; Van Koevering et al., 1995) and cows (Cranwell
et al., 1996). This effect seems to be due primarily to a de-
crease in shear force range and may be associated with turn-
over of insoluble collagen and greater solubility of newly syn-
thesized collagen. Feeding high energy diets for only 30 d
usually improves tenderness (Harrison et al., 1978; Tatum et
al., 1980; Aberle et al., 1981; Dolezal et al., 1982), although
maximum tenderness is not reached until 50 (Hedrick et al.,
1983; Larick et al., 1987; Larick and Turner, 1990; May et al.,
1992) to 112 d (Van Koevering et al., 1995). In some cases,
the effects of more days-on-feed on tenderness may be an
indirect response to increased surface fat and a decreased
rate of carcass chilling.

Tenderness and calcium status. Injecting beef with cal-
cium solutions consistently improves tenderness, presumably
through increasing activity of m-calpain, a proteolytic enzyme
whose activity is increased at higher than normal intracellu-
lar calcium concentrations (Koohmaraie et al., 1992; Wheeler
et al., 1992; Wulf et al., 1996). Intracellular calcium concen-
trations of live tissues are extremely low, but through leakage
of extracellular calcium through cell membranes, release of
bound intracellular calcium, and(or) mass action effects from
injected calcium, calcium may reach concentrations sufficient
to activate m-calpain. Although plasma concentrations of ion-
ized calcium are homeostatically controlled by parathyroid
hormone and calcitonin, altering the diet may temporarily
increase blood calcium concentrations. Hypercalcemia might
be induced pre-harvest through increasing calcium resorp-
tion from bone by altering the dietary cation-anion balance
and thereby modifying the blood acid-base balance. Hyper-
calcemia also can be induced through increasing calcium
absorption either by decreasing the concentration or stability
of insoluble calcium complexes (phosphates, oxalate, citrate)
within the intestine or by activating calcium transport enzymes
of mucosal tissue through elevated vitamin D intakes (Hibbs
et al., 1951). Other dietary factors such as low dietary mag-
nesium concentrations, possibly through activating resorption
of bone calcium or decreasing calcification, also can elevate
plasma calcium concentrations (Zinn et al., 1996). Including
a calcium-binding ionophore (laidlomycin) in the diet also
increased plasma calcium concentrations (Zinn et al., 1996).
Providing large doses of vitamin D or its active metabolites
for several days prior to harvest can improve tenderness
(Swanek et al., 1997; 1999; Montgomery et al., 1998), largely
through reducing the prevalence of meat samples with high
shear force values. In view of the traditional dogma about
strict homeostatic control of blood calcium, it seems surpris-
ing that short-term administration of calcium propionate and
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other calcium salts also may be hypercalcemic and improve
tenderness (Duckett et al., 1998). Further study of factors in-
fluencing intracellular calcium concentrations may unveil
additional methods to enhance m-calpain activity and thereby
enhance tenderness.

Tenderness and collagen. Early studies suggested that ten-
derness decreased as collagen accumulated or as collagen
crosslinking increased. A higher proportion of collagen in its
more soluble, newly synthesized form is found in animals
with more rapid growth rates. More soluble collagen has been
associated with greater myofibril fragmentation and increased
beef tenderness (Aberle et al., 1981; Wu et al., 1981). Miller
et al. (1983), however, found similar amounts of soluble col-
lagen in tissues of mature and young cattle, but total collagen
content of samples was greater for samples from more ma-
ture cattle. This has led to speculation that with approaching
maturity or in response to restricted energy intake, rate of
synthesis of muscle protein as well as collagen actually may
increase, but crosslinking of the existing collagen will decrease
(Miller et al., 1983). Among other species, insufficient
crosslinking of collagen can be altered dietarily. Copper-defi-
cient turkeys experience high mortality from aortic rupture;
this is attributed to insufficient collagen crosslinking within
the aorta wall. To date, the impact of ruminant copper status
on collagen solubility and meat tenderness has not been stud-
ied. Deficiencies of certain essential amino acids also might
influence collagen concentrations of muscle. During a lysine
deficiency, laboratory animals can gain protein while losing
lysine (D. H. Baker, personal communication), possibly due
to a decreased ratio of lysine-rich myosin to lysine-poor muscle
proteins like collagen. The impact of nutritional adequacy of
essential amino acids on muscle collagen concentrations and
turnover deserves further attention.

Beef flavor. The primary flavor components in beef are
compounds deposited in lipid; flavor desirability and flavor
intensity both increase with fat content of the longissimus
(Table 1). The greatest sensory difference between forage-fed
and grain-fed beef is in flavor of the fat (Griebenow et al.,
1996). Type and intensity of both odor and flavor may change.
Compared to lambs grown on pasture, lambs finished on grain
produced cooked meat with a decreased flavor and(or) odor
reminiscent of “sheepmeat, animal, cabbage, liver, and ran-
cid” but richer in a flavor likened to “poultry” (Rousset-Akrim
et al., 1997). Perhaps this could help lamb become the third
white meat! Undesirable flavors including milky and grassy
flavors associated with forage-fed beef have been attributed
to a doubling of the concentration of linolenic acid in neutral
and polar lipids. In contrast, myristic, palmitic, and margaric
acids were negatively related to “cowy” and “painty” flavors
of beef (Camfield et al., 1997). Other compounds including
diterpenoids, derived from microbial degradation of the phy-
tol of chlorophyll, also may be involved (Melton et al., 1982;
Larick et al., 1987; Maruri and Larick, 1992). An excess of
protein relative to energy, probably through altering ruminal
fermentation, has been proposed to increase formation of
diterpenoids and increase the incidence of abnormal meat

flavors (Griebenow et al., 1996). Besides altering the flavor of
fresh beef, unsaturated fatty acids are susceptible to rancidity
either during aging or with exposure to oxygen. Consequently,
beef from grass-fed cattle develops off-flavors more quickly
and reaches higher concentrations of TBA-reactive substances
during aging than beef from grain-fed cattle (Reagan et al.,
1981; Xiong et al., 1996). Fishy flavors often are detected in
beef from grass-fed cattle after several months of storage even
if the beef is frozen during storage (Moore and Harbord, 1977).
During post-mortem aging, desirable flavors (beefy, brothy,
browned-carmel, and sweet) typically decrease while bitter
and sour flavors increase (Spanier et al., 1997). It is disap-
pointing that research with dietary antioxidants has not yet
emphasized their potential to avoid off-flavors (Wood and
Enser, 1997). Grain source and ensiling of grain does not ap-
pear to alter flavor (Mandell et al., 1997b). However, inferior
beef flavor has been noted with specific feeds (corn silage,
alfalfa silage, and orchardgrass silage – Berry et al., 1988;
sorghum silage - Coleman et al., 1995; peanut pastures -
Bennett et al., 1995).

Dietary supplements of antioxidants (vitamin E; ethoxyquin)
or application of vitamin C to meat generally retard accumu-
lation of TBA-reactive substances (Williams et al., 1993;
Mitsumoto et al., 1991; Krumseik and Owens, 1998) and
thereby may delay appearance of objectionable flavors, par-
ticularly for beef with higher concentrations of polyunsatu-
rated fatty acids. In the literature summary, greater age, per-
haps through increasing carcass fatness (yield grade, KPH,
and longissimus lipid), was associated with greater flavor de-
sirability (Table 2). In contrast, greater daily gains, possibly
reflecting a faster rate of lean tissue gain, were negatively
related to flavor desirability. Although flavor intensity increased
with longissimus lipid, greater maturity of lean or bone re-
duced flavor intensity. Probably through dilution of lipid, an
increased ribeye area was associated with reduced flavor in-
tensity as was total days on forage plus concentrate diets.

Juiciness. Despite its close relationship to overall beef de-
sirability, juiciness has received limited research attention. For
grass-fed but not grain-fed cattle, juiciness scores tended to
increase (like tenderness) during postmortem aging up to 10
days (Xiong et al., 1996). Grain-fed cattle, even at a carcass
weight similar to those fed forage, often are rated higher for
juiciness (Davis et al., 1981; Bidner et al., 1981). Ground
beef from feedlot cattle was judged as considerably juicer
than ground beef from pasture-finished cattle (Simonne et al.,
1996). In contrast to studies with cattle, lambs fed lower en-
ergy diets had greater meat juiciness scores than those fed
higher energy diets (Crouse et al., 1981; Solomon and Lynch,
1988). Solomon and Lynch (1988) also detected increased
muscle glycogen at harvest for lambs fed lower energy diets.
Although the higher glycogen content might suggest that tis-
sue hydration and moisture retention associated with glyco-
gen increases juiciness, the compiled literature data (Table 2)
indicates that juiciness was negatively related to longissimus
moisture; conversely, the relationship to fat was positive.
Mandell et al (1997b) noted that longissimus steaks with higher
fat content (3.5 to 5%) were more juicy than steaks that con-
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tained 2 to 3% intramuscular lipid. Although electrical stimu-
lation of the carcass usually improves beef tenderness, it has
been reported to reduce juiciness (Nour et al., 1994), possi-
bly through altering glycogen or energy reserves and the rate
of pH decline postmortem. Myristic, palmitic, and margaric
acid concentrations of the longissimus were related negatively
to juiciness (Camfield et al., 1997). Including ionophores
(monensin or lasalocid) in the diet of ram lambs improved
juiciness of roasted but not boiled meat (Gilka et al., 1989).
Supplementing silage with protein from all the protein sources
tested (fish meal, soybean meal, or a corn gluten-blood meal
mixture) increased rate of gain but decreased juiciness of meat
from lambs (Fahmy et al., 1992). This supports the concepts
that concentrate level and ribeye area are negatively related
to juiciness. In view of the close relationship between juici-
ness and overall desirability, further study of the factors re-
sponsible for differences in juiciness are needed; develop-
ment of laboratory methods to quantify juiciness seems
appropriate.

In our attempt to determine the primary factors that alter
meat quality, stepwise regression was employed to detect re-
lationships of meat quality to 1) harvest or carcass measure-
ments (Table 3) and 2) animal and production factors (Table
4). Degree of marbling impacted most meat quality values.
Higher marbling scores were associated with greater tender-
ness, juiciness, flavor intensity, and overall desirability. An
increased fat thickness was associated with an increase in
shear force; this is opposite the direction one would expect
from attenuated carcass cooling usually associated with insu-
lation by fat. The only carcass measurement related to tender-

ness was marbling score. Although this relationship was very
weak, it remained in the range reported by Wulf et al. (1996).
Juiciness and flavor intensity both decreased as dressing per-
centage increased, while both flavor desirability and inten-
sity decreased as ribeye area increased, probably reflecting
dilution of flavor compounds. Overall desirability increased
with marbling score but decreased with fat thickness, how-
ever this relationship was not strong. For maximum overall
meat quality, these equations indicate that the preferred ani-
mal is one with a high degree of marbling but minimal sub-
cutaneous fat cover.

Certainly coming as no surprise to nutritionists, but in
marked contrast to the conclusion of a previous review at this
conference by Moody (1976), each individual component and
overall meat quality could be predicted more precisely from
factors involved with the animal and the production system
than by measurements on the carcass itself. This conclusion
poses a threat to job security of meat graders! To optimize
meat quality, packing plants and retailers should scrutinize
and reward producers for certain production methods instead
of basing meat quality judgements merely on carcass mea-
surements. Increased communication, with or without verti-
cal integration, could improve meat quality. Tenderness, juici-
ness, flavor desirability, flavor intensity, and overall desirability
all were adversely affected by an increase in weight per day
of age. This means that fast growing, young cattle did not pro-
vide optimum meat quality. Nevertheless, tenderness was
improved, whether measured by shear force or sensory pan-
els, by faster daily gains during the finishing period, probably
due to increased collagen solubility. Heavier final weights

TABLE 4. Stepwise regressions of meat quality indices on beef production factors of young steers and heifers.

Measurement Regression equation       R2

Shear force (kg) 9.45 – 3.48 + .69 feeding ADG in kg .29
Tenderness (scale of 10) 7.86 - .0027 +.0011 final weight in kg + .643 + .383 ADG in kg

– 1.39 + .389 weight in kg / day of age .49
Juiciness (scale of 10) 8.32 -.0032 + .0016 total days fed + .006 + .0037 concentrate in diet (%)

– 2.21 + .465 weight/day of age .41
Flavor desirability (10) 8.26 + .0063 + .0036 concentrate in diet (%) – 2.62 + .45 weight/day

of age .55
Flavor intensity (10) 15.04 - .0029 + .0008 final weight - .0031 + .0017 total days fed – 6.43

+ .40 weight/day of age .95
Overall desirability (10) 8.92 - 3.115 + .361 weight/day of age .71

TABLE 3. Stepwise regressions of meat quality indices on carcass measurements of young steers and heifers.

Measurement Regression equation R2

Shear force (kg) 7.12 + .09 + .02 fat thickness (mm) -.006 + .0016 marbling score .18
Tenderness (scale of 10) 4.95 +.002 +.001 marbling score .04
Juiciness (scale of 10) 8.67 -.072 + .024 dressing % + .0034 + .0009 marbling score .15
Flavor desirability (10) 6.47 + .02 + .006 carcass wt in kg - .0836 + .0317 ribeye area in cm2 .30

12.56 - .106 + .045 dressing % - .056 + .013 ribeye area in cm2 +
Flavor intensity (10) .005 + .002 marbling score .44
Overall desirability (10) 3.81 + .0063 + .0018 marbling score - .0267 + .018 fat mm .24
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decreased both tenderness and flavor intensity, while longer
feeding periods (pasture plus feedlot days) decreased juici-
ness and flavor intensity. Higher concentrate levels during the
finishing period improved flavor desirability. For optimum
overall meat quality, the ideal animal appears to be one that
is older (but still under 30 mo of age) and that has gained
rapidly but that is not excessively heavy at harvest. This sug-
gests that the most recent change in USDA carcass quality
standards that discount for advanced maturity, while possibly
improving tenderness, may have compromised meat quality
through reducing flavor.

Greater integration and increased production unit size in
the future of the beef industry should decrease the diversity of
production and harvest conditions and may decrease genetic
diversity of the cattle population, slightly. These changes should
reduce the variability in beef quality. However, feedlot eco-
nomics will continue to drive beef production toward larger
framed, more rapidly growing, implanted cattle harvested at
a young age. Because each of these factors appears to be
related negatively to overall quality, average beef quality would
be expected to deteriorate. Rather than attempting to improve
meat quality, a different emphasis may be required for future
meat grading and meat scientists – that of decreasing vari-
ability through rapidly assessing meat quality and allocating
meat with specific qualities to the proper consumer group.
Certainly, meat processing already is being customized to meet
the desires of consumers eating at specific locations, e.g., 1)
fast-food chains and the ground beef section of supermar-
kets, 2) high-volume cafeterias, steak house chains, and the
meat cut sections of supermarkets, and 3) specialty grocers,
HRI, and selective foreign customers. The first group, con-
suming largely ground and flavored beef, has limited interest
in tenderness and flavor; instead, packaging, juiciness, prepa-
ration ease, cooking loss, food safety and assurance, and
proper flavoring are of primary concern. The second group
should benefit from peri- or post-harvest methods that im-
prove tenderness and from addition of selected flavors, sea-
soning, and marinating to differentiate products and improve
flavor, as being employed currently for retailing poultry and
swine. However, proper packaging, preparation instructions,
and preparation convenience remain of concern. For the third
category, innate tenderness and flavor remain as the primary
quality concerns. To relegate beef to the proper consumer
group based on meat quality, science must displace the art-
istry of meat quality assessment. Subjective visual appraisal
methods need to be replaced by rapid and reliable analytical
methods and trained sensory panels that sense meat quality
and food safety rapidly, reliably, and repeatably. And to guar-
antee quality control, trace-back systems must be available
for consumers. If quality can be standardized and safety can
be guaranteed, ruminants will continue to produce the meat
preferred by discriminating consumers.
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