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ABSTRACT In practice, poultry have their feed with-
drawn several hours before being collected and put on
transport to the slaughter plant. With the exhaustion of
their internal energy stores, the chickens may lack energy
to cope with the conditions to which they are subjected.
Meat quality is affected by the energy stored in the muscle
at time of slaughter and its rate of decrease postmortem.
Of 320 broiler chickens, half were subjected to 5 h feed
deprivation whereas the others had access to feed until
transport. In both groups, half the chickens were trans-
ported for 1.5 h, and the rest were transported within 5
min to the on-site slaughter facility. Twenty chickens were
equipped with an ultrafiltration-collection device for
monitoring glucose and lactate profiles. After slaughter,
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INTRODUCTION

After a rather monotonous life broiler chickens sud-
denly undergo many treatments on the day of slaughter
that affect their well being as well as the meat quality,
often in a negative way. Preslaughter treatments, includ-
ing feed withdrawal, catching, crating, transport, lair-
age, and shackling, affect the welfare. This effect on
welfare may be partly caused by exhaustion of the en-
ergy stores of the animal. The metabolic state of the
animal at the time of slaughter determines the initial
metabolic state of the muscle postmortem, and modified
by processing, affects the final meat quality. Several
studies have described some effects of the preslaughter
treatments on the animal’s metabolic and stress-related
parameters, and on characteristics measured in the meat
(Nicol and Scott, 1990; Fletcher, 1991; Gregory, 1994;
Kannan et al., 1997a,b; Ali et al., 1999).

The effects of antemortem treatments on metabolic
parameters have usually been measured as the differ-
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liver pH was measured. Stimulation of muscle metabo-
lism was minimized by avoiding plucking. Breast muscle
samples were taken at 0, 1, 2, 4, and 6 h and analyzed
for pH and metabolite concentrations, and meat quality
was measured at 96 h. Although liver glycogen was de-
pleted in feed-deprived chickens, feed deprivation and
transport for short periods were not found to affect blood
glucose or lactate levels nor glycogen levels in the muscle
at slaughter. Muscle carbohydrate metabolism was found
to come to a complete halt after 6 h, which was not caused
by exhaustion of the glycogen store but by the muscle’s
ability to generate adenosine triphosphate (ATP) after 4
h. At this time, rigor mortis had set in and deboning
could be done without risk of cold shortening.

ence between levels at the farm and at the time of slaugh-
ter. Similarly, the effects of treatments on postmortem
muscle metabolism in broiler chickens are expressed as
the difference in levels immediately after slaughter and
after 24 h. Although several metabolic and meat quality
parameters have been correlated, the underlying physio-
logical responses to the cumulative effects of these treat-
ments are not yet fully understood.

Postmortem Muscle Metabolism
and Meat Quality

After death, the circulation is stopped and demands
for the oxidative metabolic pathways can no longer be
met. Adenosine triphosphate (ATP) necessary for nor-
mal physiological processes can then only be generated
by anaerobic glycolysis. Excess products of this process
can no longer be removed by the blood, resulting in an
accumulation of lactate and H+, and hence a decrease in
pH. Eventually ATP production will fail and processes
requiring energy will come to a halt. When 80% of the
ATP is depleted, rigor mortis is induced (DeFremery,

Abbreviation Key: ATP = adenosine triphosphate; UCD = ultrafiltra-
tion-collection device.
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1966). The moment at which this state is reached de-
pends on the metabolic state of the muscle at death and
the postmortem glycolytic rate in the muscle. Energy
remaining in the muscle can cause irreversible contrac-
tion at deboning, which results in increased toughness
of the meat. The rate of pH decline can affect meat color
and water-holding capacity through protein denatur-
ation (Warris and Brown, 1987). The relationship be-
tween early postmortem and ultimate pH and energy
levels on the one hand and meat quality on the other
have been well described (Mielnik and Kolstad, 1991;
Warris et al., 1993; Joseph et al., 1997). Much less is
known about the rate of energy depletion early postmor-
tem, but complete depletion is reported to happen
within 6 h (Grey et al., 1974; Schreurs, 1999), which is
an important datum regarding the processing of meat.

Deprivation of Feed and Water

Feed deprivation on the farm is done to reduce fecal
contamination of the carcasses. During transport and
lairage the birds also don’t have access to water. Feed
deprivation for 4 h or longer is needed for emptying the
gastro-intestinal tract. Combined with 2 to 3 h crating
time, 1 h transport and 1 h lairage, there is a total of 9
to 10 h of feed deprivation. Much longer times have
been reported (Warris et al., 1990), which will lead to a
reduction in carcass yields (Veerkamp, 1986). Depriva-
tion of feed and water have been shown to cause deple-
tion of glycogen in the liver, which is the primary store
available for maintaining blood glucose levels, as early
as after 3 h of feed withdrawal (Warriss et al., 1988).
This depletion was confirmed by a significant decrease
in postmortem liver pH in broiler chickens that had feed
withdrawn for 3 h (Wal et al., 1999). In blood sampled
during exsanguination blood glucose levels are reported
to decrease slightly (Warriss et al., 1993; Wal et al., 1999)
in birds that have experienced 10 h of feed withdrawal.
But while available, breakdown of liver glycogen pre-
vents large changes in blood glucose levels. Levels of
blood lactate, a product of glycolytic metabolism, re-
mains nearly constant in both fed and feed-restricted
broilers (Warriss et al., 1993).

Various studies have shown that feed deprivation of
8 h or more also reduces muscle glycogen stores. Effects
of feed withdrawal on initial postmortem muscle glyco-
gen levels and pH, as well as on shear force are contra-
dictory, as these parameters are more strongly affected
by other treatment factors, such as struggling and stun-
ning convulsions (Warris et al., 1988; Fletcher, 1991; Ali
et al., 1999). Behavioral and physiological responses to
feed deprivation indicate that feed withdrawal is proba-
bly stressful to the animal. Dehydration may be harmful
to the animal, but does not seem to induce a stress re-
sponse (Nicol and Scott, 1990). Prolonged deprivation

2Institute for Animal Science and Health (ID-Lelystad BV), P.O. Box
65, 8200 AB Lelystad, The Netherlands.

of feed and water exhausts the energy stores of the ani-
mal, and thereby suppress its capability to cope with
stressful situations.

Transport and Lairage

During transport known stressors include heat stress
(due to high temperature and humidity), cold stress (due
to draft at high vehicle speeds and wet feathers), crowd-
ing (inability to display thermoregulatory and other be-
havior, social stress), vibration, acceleration, noise, fur-
ther feed and water deprivation (Nicol and Scott, 1990;
Mitchell et al., 1997). Increased corticosterone levels after
1 to 3 h of transport, although ranging widely, indicate
transport stress (Knowles and Broom, 1990; Kannan et
al., 1997). Reports on plasma glucose levels are contra-
dictory, ranging from no difference after 6 h transport
to a reduction of 1.0 to 1.5 mM (Warriss et al., 1993;
Freeman et al., 1984; Halliday et al., 1977). Fear in the
chickens, as assessed by tonic immobility trials, in-
creased with transport time (Nicol and Scott, 1990). Re-
ports on the effects of transport on meat quality parame-
ters are also contradictory, ranging from no differences
to decreased muscle glycogen and ultimate pH levels
after transport for up to 6 h (Mielnik and Kolstad, 1991;
Warriss et al., 1993, 1999). Transport induces a complex
of stimuli, any of which can be stressful to the chickens
and compromise animal welfare and meat quality.

The current experiment studied the natural depletion
of energy stores in the living broiler and in the early
postmortem breast muscle for a better understanding of
the processes involved. Furthermore, the effects of 5-h
feed withdrawal and of 1.5 h transport on the ante-
and postmortem energy levels were studied. Finally,
ultimate meat quality parameters were measured and
conclusions were drawn about the consequences of feed
deprivation, transport and processing on animal welfare
and meat quality.

MATERIALS AND METHODS

Birds and Housing

At the poultry facility of the Institute for Animal Sci-
ence and Health,2 320 Ross-208 broiler chickens were
reared in two pens from 1 d of age until slaughter. Room
temperature was gradually decreased from 33 C at Day 1
to 18 C at 5 wk of age. Feed (3,106 kcal/kg metabolizable
energy, 21% CP) and water were available ad libitum.
A light regimen of 1 h light:3 h dark was used. Approval
for carrying out the experiment was obtained from the
ethical committee of the Institute for Animal Science
and Health.

Treatments

In total, 40 chickens were equipped with a recently
developed ultrafiltration-collection device (UCD; Saven-
ije et al., unpublished data) in the right wing vein at 3
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or 2 d before slaughter. This device consists of a semiper-
meable hollow fiber membrane (290 µm outer diameter,
240 µm inner diameter, 4 cm long, cut-off point 20 kD)3

that is connected to a nylon-blend collection tubing (800
µm outer diameter, 125 µm inner diameter, 200 cm
long).4 At the other end of the collection tubing a pump
was connected, which consisted of a disposable syringe
capable of generating a vacuum of 6,250 Pa. Combined
with a fused silica restriction tubing (150 µm outer diam-
eter, 15 µm inner diameter, 8 cm long)5 a constant flow
through the system of 50 nL/min was generated. The
membrane was inserted into the wing vein and the rest
of the device was put in a plastic bag of 12 × 4 cm, which
was attached to the inside of the wing parallel to the
humerus bone. The UCD allows the continuous and
stress-free sampling of the ultrafiltrate of blood for 8 h.

After recovery, the birds were put back in the pen.
On the same day, in 2 consecutive wk, 80 chickens of
the same flock, which were 5 and 6 wk of age respec-
tively, were slaughtered. One week older chickens of
the same flock were chosen as a replication for practical
reasons. The chickens were randomly assigned to one
of two possible options on each of two treatments:

1. Feed deprivation: feed was withdrawn from the
chickens 5 h before transport, or feed was available
until transportation.
2. Transportation: chickens were crated (n = 8 per
crate) and transported on a truck for 90 min or crated
(n = 8 per crate) and transported only from the animal
accommodation to the on-site slaughter plant (about
5 min). To minimize lairage time, the chickens were
transported in two batches of 48 and 32 birds, respec-
tively.
Chickens were slaughtered in batches of four chickens

of the same treatment group. These batches were slaugh-
tered randomly at 5-min intervals. At slaughter, the
chickens were stunned for 4 s in a 100 V, 50 Hz water
bath, followed by exsanguination for 2 min by cutting
one jugular vein. No scalding or plucking was done.

Sampling Procedures
and pH Measurements

Immediately after exsanguination, 5 mL of venous
blood was collected in a heparinized tube and stored
on ice. Immediately after exsanguination at the slaughter
line, the UCD was stopped and removed from the bird.
The collection tubing was removed, sealed at both ends
with cyano-acrylic glue, and stored at 4 C until analysis.
The birds were then skinned and eviscerated. Immedi-
ately after evisceration, the liver was collected and liver
pH was measured using a combined glass/reference

3Filtral 16 AN69 HF; Hospal Industry, Lyon, France.
4Cordis Europa NV, LJ Roden, The Netherlands.
5Polymicro Technologies Inc., Phoenix, AZ.

Ingold electrode pH meter.6 The legs and head were
removed, and the chest was labeled and stored at 0 C.

At 0, 1, 2, 4, and 6 h after slaughter, a 4.5-g sample was
cut from the breast muscle (M. pectoralis superficialis) of
one chicken from each batch of four. The first three
samples were taken from the right muscle; the other two
were from the left. From each sample, 2.5 g was cut
off and immediately frozen in liquid nitrogen and then
stored at −80 C until analysis. In the remaining 2.0 g of
the muscle sample, pH was measured as described by
Jeacocke (1977).

Meat Quality Measurements

After the 6 h sample was taken, breast muscles of the
other three chickens of the same batch of four birds were
removed from the carcasses and were stored individu-
ally in plastic bags at 4 C. At 96 h after slaughter, the
muscles were heated in plastic bags in a water bath of
96 C for 10 min. After cooling down, shear force was
measured in triplicate as described by Froning and Uijt-
tenboogaart (1988). For the breast muscles collected on
the second experimental day, color and drip loss were
measured before heating. Color measurements (CIE-Lab
score) were done in duplicate by a Minolta chromame-
ter.7 Drip loss at 96 h was measured using the filter
paper method described by Kauffman et al. (1986).

Off-Line Metabolite Analysis

All metabolite analyses were done off-line. Blood sam-
ples were processed the same day, ultrafiltrates were
analyzed within 2 wk, and muscle metabolites were
stored for a maximum of 3 mo before analysis.

Blood Metabolites

Samples Taken During Exsanguination. After all
chickens were slaughtered, the blood samples were
taken to the lab and analyzed for glucose and lactate
concentrations by means of a blood analyzer.8

Ultrafiltration Profiles. Analysis of the ultrafiltrates
on glucose and lactate concentrations was done at the
Laboratory for Biological Psychiatry of the University
of Groningen. The analysis procedure is described by
Elekes et al. (1995).

Muscle Metabolites

Preparation. Of the frozen muscle sample, 1.0 g was
cut, homogenized for 30 s in 12.5 mL perchloric acid
solution (0.85 M HClO3), and put on ice slush. The ho-
mogenates were centrifuged at 3,000 × g for 10 min, and
the supernatant was stored in separate tubes containing
a phosphate buffer.

6Schott Gerate GmbH, Mainz, Germany.
7CM525i; Minolta Camera Benelux BV, Maarssen, The Netherlands.
8ABL 605; Radiometer Nederland BV, Zoetermeer, The Netherlands.
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R-value Measurements. Analysis was done ac-
cording to Honikel and Fischer (1977). From the super-
natants, 100 µL was pipetted into 2.5 mL of 100 mM
sodium phosphate buffer (pH = 7.0), and the absorbance
was read at 250 (A250) and 260 (A260) nm. The R-value
was calculated as A250/A260. Measurements were done
in duplicate.

Glycolytic Metabolites Measurements. The glyco-
lytic metabolites, glycogen, glucose, ATP, and lactic acid
were measured according to Passoneau and Lowry
(1993), with modifications making microscale measure-
ments in microtiter plates possible. All volumes of sam-
ple and reagents were proportionally reduced to reach
an end volume of 200 µL. The measurements were car-
ried out in the supernatant in duplicate. Concentration
of the metabolites was measured in microtiter plates in
a Molecular Devices9 microplate reader equipped with
a 340 nm (lactate, ATP) and 490 nm (glucose, glycogen)
optical filters; samples were evaluated by the Softmax
microplate analysis software.

Presentation of Results and Statistics

All single measurements and repeated measurements
per sampling time were analyzed using regression anal-
ysis and ANOVA, using the Genstat statistical software
package (Genstat 5, 1993), with the following model:

yijk = µ + Fi + Tj + Rk + F × Tij + F × Rik

+ T × Rjk + F × T × Rijk + eijk,

where yijk = response variable, µ = population mean, Fi

= feed withdrawal (no or yes), Tj = transport for 1.5 h
(no or yes), Rk = replication (Day 1 or 2), and eijk =
residual error or a simplified model thereof if the inter-
actions were not significant. Pairwise differences were
tested using Student’s t-test to analyze differences be-
tween measurements at different sampling times.

RESULTS

Blood Metabolites

Samples Taken During Exsanguination. For each
treatment group data on glucose and lactate concentra-
tions in blood sampled during exsanguination are given
in Table 1. Although overall levels did not differ be-
tween slaughter days, different treatment effects were
found between days. On Day 1, glucose concentrations
in blood were higher (P < 0.001) in chickens that were
fed until transport (13.4 mM) than in chickens that expe-
rienced feed withdrawal 5 h before transportation (11.4
mM). No differences in lactate concentrations were
found.

Ultrafiltration Profiles. The 20 chickens that were
equipped with a UCD went through the process of

9Molecular Devices Ltd., Winnersh, UK.

catching, crating, transport, shackling, and slaughter
without any damage to the UCD. All probes were re-
trieved intact, and all pumps still had a good vacuum.
Air bubbles in the air collector of the pump were scored,
and in four instances, air bubbles were found at the tip
of the restriction capillary, indicating that the sampling
flow had stopped prematurely. Water droplets were
present in all pumps, indicating that a flow had been
established. No damage was found on the chickens due
to presence of the UCD. During analysis, continuous
glucose and lactate profiles could be generated in 50%
of the UCD, which were fairly evenly distributed among
the treatment groups. Examples of glucose and lactate
profiles are shown in Figure 1. Other UCD did not give
proper results because the sampling flow stopped pre-
maturely, or intrusion of air in the collection tubing,
which renders the time frame of sampling useless and
disturbs concentration gradients. Interpreting the pro-
files in the ultrafiltrates was difficult due to progressive
water diffusion through the wall of the collection tubing
as the sample had been stored longer in the collection
tubing. Initial values were beyond the high end of the
physiological range. Measurements during the last 30
min were within physiological range (n = 14), and only
these were used for statistical analysis.

Correlation Between Blood and Ultrafiltrate Metab-
olites. Correlation coefficients for glucose and lactate
levels as well as the lactate:glucose ratio in blood sam-
ples and ultrafiltrate were calculated. For lactate, a Pear-
son’s correlation coefficient of 0.55 (P < 0.05) was found.
In chickens from the first slaughter day, only this coeffi-
cient was 0.95 (n = 6; P < 0.01). In chickens that were
fed until slaughter (n = 4) coefficients for glucose (−0.98,
P < 0.05) and the lactate:glucose ratio (0.93, P < 0.10)
were found. The correlation coefficient for lactate for
these chickens was high (0.88) but the numbers of obser-
vations were too few for statistical significance.

Liver pH

Data on liver pH are shown in Table 2. Immediately
after evisceration, the pH in the liver was higher (P <
0.05) in the chickens that experienced feed withdrawal
(pH 6.6) than in chickens that were fed (pH 6.3). Trans-
port did not affect liver pH.

Muscle pH, R-Value, and Metabolites

Feed withdrawal and transport did not affect the pH
in the breast muscle. Breast muscle pH was slightly
higher (0.18 units; P < 0.01) on the second slaughter day
compared to the first. The pH in chickens slaughtered on
the first day decreased significantly (P < 0.01) between 0
and 1 h postmortem, leveled between 1 and 2 h, and
then decreased (P < 0.001) further. In chickens from
slaughter Day 2 the pH decreased significantly (P <
0.001) only after 2 h postmortem.

On slaughter Day 1, chickens that were fed and trans-
ported had a higher (P < 0.01) R-value (0.90) than the other
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TABLE 1. Liver pH and blood metabolites

Feed withdrawn Fed until transport P < F

No Transport No transport Feed �
Variable transport 1.5 h transport 1.5 h transport Feed Transport

Slaughter Day 1
Liver pH1 6.6 ± 0.2 6.6 ± 0.1 6.3 ± 0.1 6.3 ± 0.1 NS *** NS
Blood glucose (mM) 11.1 ± 1.0 11.6 ± 1.2 13.5 ± 0.8 13.2 ± 1.1 NS *** NS
Blood lactate (mM) 4.6 ± 1.3 4.5 ± 0.8 4.8 ± 1.4 5.2 ± 1.0 NS NS NS

Slaughter Day 2
Liver pH 6.5 ± 0.2 6.5 ± 0.1 6.3 ± 0.1 6.4 ± 0.1 NS ** NS
Blood glucose (mM) 12.0 ± 0.8 12.8 ± 1.4 12.9 ± 0.5 12.8 ± 0.7 NS NS NS
Blood lactate (mM) 4.6 ± 2.1 5.3 ± 1.3 4.9 ± 2.0 4.7 ± 2.1 NS NS NS

1Means ± SD (n = 5).
**P ≤ 0.01.
***P ≤ 0.001.

chickens (0.82). No other feed withdrawal or transport
treatment effects were found. The R-value stayed at the
same level up to 2 h postmortem, after which time it began
to increase up to an R-value of 1.23 at 6 h postmortem.

The data on muscle pH and R-value are shown in Table
2, and data on muscle metabolite concentrations are
shown in Table 3. For each parameter, treatment effects
are described first, followed by the effects measured in
time postmortem.

Initial glycogen levels were higher (P < 0.05) in chickens
on the second slaughter day (17.7 µmol/g) than in chick-
ens slaughtered on the first day (7.3 µmol/g). Also, on
slaughter Day 2 fed birds had a higher (P < 0.05) glycogen
level (21.9 µmol/g) than feed-deprived birds (13.6 µmol/
g). At 2 h postmortem, glycogen levels were lower (P
< 0.001) in chickens on slaughter Day 1 that were feed
deprived (7.1 µmol/g) than in chickens on Day 1 that
were fed or in chickens on Day 2 (17.3 µmol/g). No
further effects of feed withdrawal and transport were
found. Glycogen levels did not differ significantly up to
2 h postmortem, after which time a rapid decrease set in.
At 6 h postmortem, glycogen reserves were not signifi-
cantly different from 0.0 µmol/g regardless of treatments.

On slaughter Day 1, muscle glucose was lower (P <
0.05) at 2 h postmortem in fed chickens that were not
transported (3.7 µmol/g) than in the other chickens (8.6
µmol/g). No other treatment effects on glucose were
found. A significant (P < 0.05) glucose increase was found
after 2 h postmortem on the first and after 1 h on the
second slaughter day, both followed again by a significant
decrease. Also chickens slaughtered on Day 2 had higher
(P < 0.05) glucose levels at 6 h postmortem (9.0 µmol/g)
compared to chickens slaughtered on Day 1 (4.3 µmol/g).

ATP levels did not differ between treatments. ATP did
not change up to 2 h postmortem, and decreased signifi-
cantly (P < 0.05) from earlier measurements from 4 h
postmortem. No treatment effects were found on post-
mortem muscle lactate concentrations. Lactate levels were
higher (P < 0.05) in chickens from the first compared
to chickens from the second slaughter day at 2 and 4
h postmortem.

Meat Quality

Data on shear force, water-holding capacity, and color
measurements per treatment group are shown in Table
4. Shear force did not differ between treatment groups.
Water-holding capacity and color were measured only in
carcasses from the second slaughter day. No effects on
water-holding capacity or the L* and b* values for color
could be found. The a* values of the breast muscles of
chickens that were fed until transport were higher (9.0,
P < 0.05) than those of chickens that had their feed with-
drawn (8.2).

DISCUSSION

Monitoring Preslaughter Blood Metabolites

This application was the first use of a UCD to continu-
ously monitor blood glucose and lactate levels in broiler
chickens in the practical preslaughter process. It was dem-
onstrated that analysis of UCD samples could provide
continuous glucose and lactate profiles under these condi-
tions. However, improvements must be made to increase
the 50% success rate during analysis and return concen-
trations to represent true physiological levels. Suggested
improvements include using tubing material through
which fluid cannot diffuse, reducing the probe size, and
thermal isolation of the pump (Savenije et al., unpub-
lished data).

Feed Deprivation and Transport

Feed deprivation for 5 h before transport resulted in
depletion of glycogen stores in the liver as indicated by
liver pH at time of slaughter. This depletion subsequently
resulted in a 15% lower blood glucose level at the time
of slaughter on Day 1 in chickens that were feed deprived.
This reduction is also consistent with previous studies
(Warris et al., 1993; Wal et al., 1999). The reduction in
blood glucose was not found in chickens slaughtered on
Day 2. Warris et al. (1988) found, in 7-wk-old chickens
with comparable glycogen levels in the liver, a complete
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FIGURE 1. Examples of glucose and lactate profiles and the calculated lactate:glucose ratio (l:g) of two broiler chickens from the time of feed
withdrawal until slaughter, sampled with the ultrafiltration-collection device. Analysis was at a rate of one measurement every 5 min.

drain of liver glycogen after 6 h of feed withdrawal but
a residual level of liver glycogen of 60% after 10 h of feed
withdrawal (Warris et al., 1993). Although chickens may
readily mobilize liver glycogen to maintain glucose levels,
the extent to which this occurs seems to depend on
other factors.

The breast muscle of chickens on Day 2 contained more
glycogen at the time of slaughter than in chickens on Day
1, which were 1 wk younger and weighed less. This result
may be caused through an increased storage capacity for
glycogen in the muscle in heavier chickens or by a higher
energy demand due to a higher growth rate in the
younger chickens. In the breast muscles of feed-deprived

chickens on Day 1, glycogen was lower than in those
of the other chickens at 2 h postmortem. Due to these
combined factors, the birds’ abilities to maintain the intra-
muscular energy balance began to fail at that point,
whereas the muscles of the other chickens were able to
maintain this balance a little longer.

Feed withdrawal-transport interactions were only
found on two occasions in chickens on Day 1 only and
were not consistent in time. Otherwise, no transport ef-
fects were found. Reasons for the lack of transport effects
may include gentle handling, low stocking densities of
animals in the crates and of the crates in the truck, and
good ventilation conditions. Such lenient conditions

D
ow

nloaded from
 https://academ

ic.oup.com
/ps/article-abstract/81/5/699/1572171 by guest on 30 O

ctober 2018



FEED DEPRIVATION AND TRANSPORT ON BLOOD AND MUSCLE METABOLITES 705

TABLE 2. Muscle pH and R-value of M. pectoralis superficialis of broilers on two slaughter days

Feed withdrawn Fed until transport P < F

No Transport No Transport Feed �
Variable transport 1.5 h transport 1.5 h transport Feed Transport

Slaughter Day 1
Muscle pH1

02 6.7 ± 0.2a 6.6 ± 0.2a 6.6 ± 0.1a 6.6 ± 0.1a NS NS NS
1 6.5 ± 0.2a 6.5 ± 0.1a 6.5 ± 0.1b 6.4 ± 0.1ab NS NS NS
2 6.5 ± 0.1a 6.5 ± 0.1a 6.5 ± 0.1b 6.3 ± 0.1b NS NS NS
4 6.2 ± 0.2b 6.1 ± 0.1b 6.2 ± 0.1c 6.1 ± 0.2c NS NS NS
6 5.9 ± 0.2c 5.9 ± 0.1c 5.9 ± 0.1d 5.8 ± 0.1d NS NS NS

R-value
0 0.83 ± 0.02c 0.82 ± 0.02c 0.82 ± 0.01c 0.83 ± 0.02c NS NS NS
1 0.83 ± 0.03c 0.82 ± 0.01c 0.82 ± 0.01c 0.90 ± 0.06c ** NS NS
2 0.88 ± 0.05c 0.89 ± 0.10c 0.85 ± 0.05c 0.90 ± 0.06c NS NS NS
4 1.05 ± 0.19b 1.05 ± 0.14b 1.03 ± 0.08b 1.08 ± 0.17b NS NS NS
6 1.24 ± 0.14a 1.23 ± 0.15a 1.20 ± 0.11a 1.25 ± 0.13a NS NS NS

Slaughter Day 2
Muscle pH1

02 6.7 ± 0.2a 6.7 ± 0.1a 6.8 ± 0.1a 6.8 ± 0.1a NS NS NS
1 6.7 ± 0.2a 6.6 ± 0.1ab 6.7 ± 0.1a 6.7 ± 0.1a NS NS NS
2 6.5 ± 0.2ab 6.5 ± 0.2b 6.6 ± 0.1a 6.7 ± 0.1a NS NS NS
4 6.3 ± 0.3bc 6.3 ± 0.1c 6.3 ± 0.1b 6.2 ± 0.1b NS NS NS
6 6.1 ± 0.1c 6.1 ± 0.1d 6.1 ± 0.1c 6.1 ± 0.1c NS NS NS

R-value
0 0.81 ± 0.02c 0.80 ± 0.01c 0.80 ± 0.02c 0.80 ± 0.01c NS NS NS
1 0.84 ± 0.07c 0.80 ± 0.01c 0.80 ± 0.01c 0.80 ± 0.01c NS NS NS
2 0.84 ± 0.06c 0.82 ± 0.02c 0.83 ± 0.02c 0.82 ± 0.02c NS NS NS
4 1.07 ± 0.17b 1.08 ± 0.16b 0.93 ± 0.09b 1.09 ± 0.17b NS NS NS
6 1.25 ± 0.10a 1.20 ± 0.11a 1.22 ± 0.08a 1.26 ± 0.09a NS NS NS

a–dMeans within variable with the same superscript are not significantly (P ≤ 0.05) different.
1Means ± SD (n = 5).
2Hours postmortem.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.

could have prevented temperature regulation-related
stress, and to some extent social stress. Broom and
Knowles (1989) concluded that short transport under
good conditions, as such, need not have much adverse
effect on the welfare of spent hens. The present study
supports that conclusion for broiler chickens.

Early Postmortem Muscle Metabolism

Glycogen, glucose, ATP, lactate, pH, and R-value were
recorded up to 6 h postmortem in unprocessed muscle
in order to better understand how energy balance in the
muscle is maintained, and how energy stores are depleted
by natural processes. Breast muscle glycogen levels are
considered the main store of energy in the muscle after
slaughter. Although high variation was found, glycogen
levels in the breast muscle could be maintained at a fairly
stable level for up to 2 h postmortem. Lower initial glyco-
gen levels, combined with feed withdrawal, can reduce
this time; after 2 h, muscle glycogen was being metabo-
lized rapidly, resulting in a near complete exhaustion of
the glycogen store at 6 h postmortem. As the pH also
remains constant for up to 2 h, this factor will not affect
the rate of glycolysis. Glucose is being used continuously
from the moment of slaughter, as indicated by the in-
crease in lactate from 1 h postmortem; however, this can

no longer be used as an energy source due to a rapidly
occurring shortage of oxygen. Glucose availability, how-
ever, fluctuates considerably up to 2 h. Although this
fluctuation differs between slaughter days, it is fairly con-
stant within slaughter days.

The dependency of the muscle on glucose as the source
of energy may be an effect of age or slaughter day, and
as glycogen, pH, and R-value do not change within 2 h,
energy supply seems to be balanced by the use of other
sources, such as substrate-level phosphorylation as well,
in that period. After 2 h, immediately available energy-
providing compounds become exhausted, resulting in ex-
tremely low glucose concentrations at 4 h. The muscle
has then started glycogenolysis to mobilize its reserves.
However, at the same time, metabolism has generated so
much H+ that its buffering capacity is exceeded and the
pH starts to fall. The decrease in pH will decrease the
rate of glycolysis, and after 4 h glycolysis gradually comes
to a halt. ATP levels approach zero, and lactate levels no
longer increase. A little energy is still being generated
from the conversion of low energy adenosine compounds
to even lower energy inosine compounds, as the R-value
still increases. Although glycogen is seen as the most
important energy store, glycogen availability is not the
limiting factor for energy generation postmortem. Rather
the ability to metabolize available high energy com-
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pounds seems to be the limiting factor. After 4 h the pH
decreases significantly and ATP drops below the 20%
level, inducing the state of rigor mortis. Glycogen break-
down however, continues and results in an increase in
glucose levels at 6 h postmortem.

TABLE 3. Muscle metabolites in M. pectoralis superficialis of broilers on two slaughter days

Feed withdrawn Fed until transport P < F

No Transport No Transport Feed�
Variable transport 1.5 h transport 1.5 h transport Feed Transport

Slaughter Day 1
Glycogen (µmol/g)1

02 4.7 ± 3.4bc 9.9 ± 6.3a 8.0 ± 8.2b 6.6 ± 2.2ab NS NS NS
1 10.7 ± 4.4a 6.2 ± 4.2ab 10.4 ± 6.5b 7.3 ± 3.3ab NS NS NS
2 6.7 ± 6.2ab 7.5 ± 6.3a 21.1 ± 11.0a 11.6 ± 11.7a NS * NS
4 3.9 ± 3.8bc 4.7 ± 3.3ab 5.5 ± 2.8b 6.1 ± 5.2ab NS NS NS
6 0.1 ± 0.2c 0.8 ± 1.4b 1.3 ± 2.9b 1.4 ± 2.3b NS NS NS

Glucose (µmol/g)
0 1.6 ± 0.9bc 2.6 ± 1.6b 2.8 ± 2.7abc 6.4 ± 5.7a NS NS NS
1 1.1 ± 0.8c 0.7 ± 0.7b 0.4 ± 0.3c 0.9 ± 0.8b NS NS NS
2 9.7 ± 4.3a 8.2 ± 2.7a 3.7 ± 1.9ab 7.9 ± 2.8a * NS NS
4 2.2 ± 2.6bc 1.7 ± 2.7b 1.2 ± 0.7bc 1.1 ± 1.0b NS NS NS
6 5.1 ± 3.9b 3.3 ± 2.5b 4.2 ± 2.9a 4.7 ± 4.9ab NS NS NS

ATP3 (µmol/g)
0 12.3 ± 6.4a 13.8 ± 1.8a 13.1 ± 5.6a 6.2 ± 4.6bc NS NS NS
1 13.0 ± 5.6a 6.6 ± 3.6b 10.7 ± 8.2ab 8.8 ± 6.0ab NS NS NS
2 13.2 ± 4.0a 12.9 ± 4.9a 14.9 ± 5.0a 13.8 ± 5.4a NS NS NS
4 7.5 ± 6.8ab 3.7 ± 3.5b 4.4 ± 4.5bc 2.9 ± 2.8c NS NS NS
6 1.8 ± 1.9b 2.8 ± 3.1b 3.1 ± 4.1c 2.2 ± 2.1c NS NS NS

Lactate (µmol/g)
0 37.4 ± 11.8c 36.8 ± 10.3c 40.6 ± 9.7b 43.6 ± 18.7c NS NS NS
1 45.6 ± 13.7c 45.5 ± 9.9bc 40.6 ± 8.4b 60.4 ± 14.0c NS NS NS
2 64.7 ± 12.8b 59.5 ± 16.9b 47.1 ± 13.9b 62.0 ± 11.2bc NS NS NS
4 84.2 ± 13.0a 81.7 ± 16.5a 84.3 ± 12.3a 80.1 ± 15.6ab NS NS NS
6 87.1 ± 9.5a 78.0 ± 11.4a 83.6 ± 15.7a 87.2 ± 8.4a NS NS NS

Slaughter Day 2
Glycogen (µmol/g)1

02 12.5 ± 7.3bc 14.7 ± 9.0a 21.0 ± 6.8a 22.7 ± 4.2a NS * NS
1 21.2 ± 10.1a 15.4 ± 2.6a 14.7 ± 4.9ab 17.9 ± 6.5a NS NS NS
2 19.5 ± 6.6ab 17.2 ± 6.1a 15.2 ± 2.2ab 19.3 ± 7.7a NS NS NS
4 5.7 ± 3.6cd 4.4 ± 3.5b 11.8 ± 7.7b 5.3 ± 5.0b NS NS NS
6 0.0 ± 0.0d 0.0 ± 0.0b 0.2 ± 0.5c 0.0 ± 0.0b NS NS NS

Glucose (µmol/g)
0 1.2 ± 0.7b 2.3 ± 1.4c 1.9 ± 1.1bc 1.4 ± 0.8c NS NS NS
1 3.2 ± 3.7b 5.2 ± 2.8b 3.1 ± 2.1b 5.0 ± 1.7b NS NS NS
2 1.0 ± 1.1b 0.3 ± 0.7c 1.1 ± 1.6c 1.0 ± 1.6c NS NS NS
4 1.4 ± 1.4b 1.4 ± 1.5c 0.6 ± 0.6c 2.0 ± 1.1c NS NS NS
6 7.4 ± 2.2a 8.8 ± 3.1a 8.8 ± 1.9a 10.9 ± 3.5a NS NS NS

ATP (µmol/g)
0 11.5 ± 10.1a 12.4 ± 7.3a 12.1 ± 1.7a 7.7 ± 3.2bc NS NS NS
1 11.6 ± 3.5a 12.6 ± 5.4a 10.9 ± 3.7a 15.5 ± 4.5a NS NS NS
2 11.9 ± 5.1a 7.1 ± 2.5ab 10.9 ± 4.6a 11.1 ± 4.0ab NS NS NS
4 7.0 ± 6.3ab 2.1 ± 0.9b 4.4 ± 2.8b 4.3 ± 4.2cd NS NS NS
6 1.8 ± 1.4b 2.8 ± 3.2b 2.4 ± 1.9b 1.3 ± 0.9d NS NS NS

Lactate (µmol/g)
0 43.5 ± 9.9b 40.1 ± 9.6b 37.9 ± 10.0c 36.3 ± 10.4b NS NS NS
1 42.2 ± 17.9b 44.1 ± 9.8b 38.3 ± 8.5c 37.5 ± 8.7b NS NS NS
2 48.4 ± 22.6b 50.4 ± 6.0b 47.5 ± 9.6c 45.8 ± 12.1b NS NS NS
4 77.2 ± 12.2a 78.3 ± 9.9a 66.4 ± 6.7b 73.1 ± 8.2a NS NS NS
6 84.0 ± 5.8a 86.6 ± 7.5a 81.5 ± 5.1a 78.7 ± 3.7a NS NS NS

a–cMeans within variable with the same superscript are not significantly (P ≤ 0.05) different.
1Means ± SD (n = 5).
2Hours postmortem.
3Adenosine triphosphate.
*P ≤ 0.05.
**P ≤ 0.01.
***P ≤ 0.001.

Studies by Grey et al. (1974) and Schreurs (1999) have
shown similar results, although in both of these studies
glycogen levels had already decreased after 2 h. Schreurs
(1999) found increased levels of glucose at 6 h postmor-
tem, confirming a cessation of the glucose metabolism
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TABLE 4. Meat quality of M. pectoralis superficialis of broilers

Feed withdrawn Fed until transport P < F

No Transport No Transport Feed �
Variable transport 1.5 h transport 1.5 h transport Feed Transport

Slaughter Day 1
Shear force (N)1 20.5 ± 14.4 20.8 ± 12.4 21.9 ± 10.5 28.9 ± 21.4 NS NS NS

Slaughter Day 2
Shear force (N) 22.4 ± 18.7 25.0 ± 18.4 34.9 ± 21.9 24.8 ± 18.9 NS NS NS
Water-holding capacity (mg) 43 ± 4 41 ± 5 41 ± 4 42 ± 6 NS NS NS
Color

L* 54.0 ± 2.0 53.9 ± 3.1 53.6 ± 3.0 53.1 ± 2.9 NS NS NS
a* 8.1 ± 1.8 8.3 ± 1.2 9.0 ± 1.4 9.0 ± 1.2 NS * NS
b* 16.1 ± 2.2 16.5 ± 1.8 16.1 ± 1.9 17.0 ± 1.9 NS NS NS

1Means ± SD (n = 15).
*P ≤ 0.05.

before the glycogen store was depleted. Except for a slight
increase of the R-value between 6 and 24 h postmortem,
Schreurs (1999) found no further changes in pH, glycogen,
glucose, ATP, and lactate levels between 6 and 24 h post-
mortem. Grey et al. (1974) found an increased rate of
energy depletion if the chickens had an unrestricted death
struggle compared to restricted struggle or chickens that
were under anesthesia. Plucking and electrostimulation
of the carcass are further processes that drain the capacity
of the muscle for metabolizing energy-rich compounds
and allow early deboning without the risk of irreversible
muscle contraction and subsequent toughening of the
meat. After 6 h metabolic effects have stopped and reduc-
tion in toughness then depends on proteolytic processes.

In conclusion, the natural time period for chicken breast
muscle to halt energy consumption was established to be
6 h. The muscle can maintain its internal energy balance
for up to 2 h postmortem through other means than gly-
colysis. Between 4 and 6 h, postmortem rigor mortis sets
in, after which time deboning can be done without risk
of cold shortening. Energy consumption in the muscle is
not limited by the amount of glycogen available, but
rather by the pH and the availability of ATP. Glycogenol-
ysis continues after the glycolysis has come to a halt.

It was shown that feed withdrawal and transport
quickly decrease the central energy supplies of the chick-
ens. Energy exhaustion compromises the welfare of the
animals and makes them progressively less capable to
cope with further stressors. With some improvements,
metabolic effects may be able to be studied in detail using
a UCD. Although catching, crating and transport are
stressful stimuli, the availability of energy was not found
to be compromised during the short periods of time used
in this experiment. Also, neither feed deprivation nor
transport under good conditions for short periods of time
affected meat quality significantly.
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