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ABSTRACT

Homeorhetic and homeostatic controls in dairy cows
are essential for adapting to alterations in physiological
and environmental conditions. To study the different
mechanisms during adaptation processes, effects of a
deliberately induced negative energy balance (NEB)
by feed restriction near 100 d in milk (DIM) on per-
formance and metabolic measures were compared with
lactation energy deficiency after parturition. Fifty
multiparous cows were studied in 3 periods (1 = early
lactation up to 12 wk postpartum; 2 = feed restriction
for 3 wk beginning at 98 £ 7 DIM with a feed-restricted
and control group; and 3 = a subsequent realimenta-
tion period for the feed-restricted group for 8 wk). In
period 1, despite NEB in early lactation [-42 MJ of
net energy for lactation (NEp)/d, wk 1 to 3] up to wk
9, milk yield increased from 27.5 £+ 0.7 kg to a maxi-
mum of 39.5 + 0.8 kg (wk 6). For period 2, the NEB
was induced by individual limitation of feed quantity
and reduction of dietary energy density. Feed-restricted
cows experienced a greater NEB (—63 MJ of NE;/d)
than did cows in early lactation. Feed-restricted cows
in period 2 showed only a small decline in milk yield of
—3.1 + 1.1 kg and milk protein content of —0.2 + 0.1%
compared with control cows (30.5 £ 1.1 kg and 3.8 =+
0.1%, respectively). In feed-restricted cows (period 2),
plasma glucose was lower (—0.2 £ 0.0 mmol/L) and
nonesterified fatty acids higher (+0.1 £ 0.1 mmol/L)
compared with control cows. Compared with the NEB
in period 1, the decreases in body weight due to the
deliberately induced NEB (period 2) were greater (56
+ 4 vs. 23 + 3 kg), but decreases in body condition
score (0.16 £ 0.03 vs. 0.34 £ 0.04) and muscle diameter
(2.0 =+ 0.4 vs. 3.5 £ 0.4 mm) were lesser. The changes
in metabolic measures in period 2 were marginal com-
pared with the adjustments directly after parturition in
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period 1. Despite the greater induced energy deficiency
at 100 DIM than the early lactation NEB, the meta-
bolic load experienced by the dairy cows was not as
high as that observed in early lactation. The different
effects of energy deficiency at the 2 stages in lactation
show that metabolic problems in early lactating dairy
cows are not due only to the NEB, but mainly to the
specific metabolic regulation during this period.

Key words: negative energy balance, dairy cow, per-
formance, metabolic parameter

INTRODUCTION

The onset of lactation in dairy cows is accompanied
by low DMI and low energy availability, both of which
slowly increase during the first week postpartum. Dur-
ing the same period, milk production steeply increases.
Consequently, the energetic requirements of the early
lactating cow are not met by her energy intake. This
status is called a negative energy balance (NEB), and
is described in most studies of newly lactating cows ex-
cept those of Kessel et al. (2008) and van Dorland et al.
(2009). A more adequate term that Butler et al. (2003)
proposed might be “lactation-induced NEB” as this
situation occurs naturally after calving and depends on
the amount of milk yield and simultaneous DMI. The
NEB in early lactation can be accompanied by health
disorders (Bertoni et al., 2009).

Negative energy balance is associated with mobiliza-
tion of body reserves, predominantly localized in fat
and muscle tissue, because of homeorhetic control with
highest priority for nutrient partitioning toward the
mammary gland (Bauman and Currie, 1980). The pri-
ority of milk production after parturition is expressed
by increased milk yield despite the physiological NEB.
Plasma NEFA and ketone body concentrations increase
during this early lactation stage and peak before maxi-
mum milk yield. The lactation-induced NEB may last
up to 14 wk of lactation, whereas the peak of milk
yield is found between wk 4 and 8 postpartum (NRC,
2001).
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An NEB may occur later in lactation during insuffi-
cient supply and quality of feed. This is seen in pastured
high-yielding dairy cows and in dairy cows fed a TMR
without taking into account the different performance
levels and individual requirements of the cow. In this
respect, energy density of the diet can be a limiting
factor affecting performance. In these situations, dairy
cows need to adapt to maintain homeostasis. Homeo-
stasis is the property that regulates the internal envi-
ronment and tends to maintain a stable physiological
condition (Cannon, 1929; Bauman and Currie, 1980),
such as the established lactation after the NEB period;
that is, in mid lactation or in the so-called production
phase of lactation, during which the metabolic priority
of the mammary gland no longer exists. Induced NEB
at this stage of lactation resulted in a decreased milk
yield with elevated NEFA concentration (Carlson et al.,
2006).

Performance and physiological reactions in dairy
cows are influenced by homeorhetic and homeostatic
control. To our knowledge, studies of homeorhetic and
homeostatic control in early and mid lactation have not
yet been carried out. Therefore, the objective of this
study was to quantify and compare the performance
and physiological reactions in dairy cows during NEB
in early lactation and a deliberately induced NEB by
feed restriction following early lactation. The hypoth-
esis tested was that performance is differently affected
by a marked NEB during homeorhetic and homeostatic
control in dairy cows.

MATERIALS AND METHODS

Animal experiments were carried out at the Agri-
cultural Experimental Unit Hirschau of the Technical
University of Munich, Germany, and were approved by
the responsible department for animal welfare affairs.

Animals

Fifty multiparous Holstein dairy cows (3.2 + 0.2 pari-
ties, mean + SEM) were studied from wk 1 prepartum
to about wk 26 postpartum. The lactating herd was
housed in a freestall barn. From 10 d before expected
calving until d 5 postpartum, animals were fed indi-
vidually in calving pens with straw bedding.

Period 1 was wk 1 prepartum to 12 postpartum,
where all animals were treated as one group. In period
2, animals were allocated equally to either a control
group (C, n = 25) or a restriction group (R, n = 25)
according to the extent of NEB the cows experienced
in period 1. The restriction phase (period 2) lasted for
3 wk and started at 98 4+ 7 DIM. The week before feed
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restriction was classified as wk 0, where all cows were
treated as one group. After 3 wk of feed restriction,
period 3 started and lasted for 8 wk, during which R
cows were (re)fed similarly to C cows (realimentation
period).

Feeding Regimen

Animals in period 1 received a partial mixed ration
1 (PMR 1, Table 1) for ad libitum intake of basic
feed (silages, hay) with separate and limited intake of
concentrates. The PMR 1 was calculated to meet the
demands for energy and protein of a cow (650 kg of
BW) producing 21 kg of milk/d with an assumed DMI
of 16 kg of DM/d. The PMR 1 was given once daily at
0930 h. Feed bins for recording individual PMR, intake
were connected to electronic balances. In addition to
PMR 1, concentrate (CONC, Table 1) was fed at 1.3
kg of DM/d for the first 5 d of lactation. On d 6 post-
partum, cows received 1.8 kg DM of CONC/d, which
was increased up to 8.9 kg DM/d in the following 35
d. Thereafter, CONC was fed according to individual
extra requirements for milk production. The CONC
was offered in transponder-access feeding stations by
an automatic feeding program (DeLaval Alpro, Glinde,
Germany). Calculations for energy and protein supply
followed the recommendations of the German Society
of Nutrition Physiology (GfE, 2001).

At the start of period 2, R cows received PMR 1
with additional hay to reduce the energy content
(PMR 2, Table 1). Furthermore, CONC was limited
to 0.4 kg DM/d for all R cows during period 2. The
amount of PMR 2 was limited in each week of period
2 to maintain an energy deficiency of a least 30% of
the calculated requirements. Consequently, the protein
supply was reduced correspondingly to obtain a stable
energy:protein ratio. The C cows were maintained on
PMR 1 ad libitum as in period 1. In period 3, R cows
had free access to PMR 1 until the end of the study.
The CONC was set from 0.4 to 4.5 kg DM/d (the mean
value of the C group) in wk 1 of realimentation. During
the remainder of period 3, CONC was adapted weekly
for all animals as described above. For each cow, daily
DMI (PMR and CONC) was recorded continuously.
Changes of the diets were carried out all at once within
a day. All animals had free access to fresh water.

Feed Samples and Analyses

Samples of all forages and CONC were collected
weekly; samples of PMR 1 and PMR 2 were obtained
twice per week. For analysis of DM, fresh feeds were
weighed, dried for 24 h at 60°C, and reweighed. Sam-
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Table 1. Composition and nutrient values of experimental diets and concentrate (CONC)

Partial mixed ration'

Ttem PMR 1 PMR 2 CONC?

Components (% in DM)
Grass silage 33.7 21.8
Corn silage 44.9 29.1
Hay 6.5 39.4
Concentrate® 14.9 9.7

Nutrient values
Energy" (MJ of NE; /kg of DM) 6.53 6.24 7.96
Crude fiber (g/kg of DM) 214 251 62
Crude ash (g/kg of DM) 76 75 76
Crude fat (g/kg of DM) 32 28 24
CP (g/kg of DM) 146 138 216
ADF (g/kg of DM) 254 313 84.1
NDF (g/kg of DM) 431 529 184
Lignin (g/kg of DM) 23.6 32.4 3.9
NFC*® (g/kg of DM) 316 230 500
Available CP* (g/kg of DM) 143 137 172
Ruminal N balance® (g/kg of DM) 0.88 0.18 2.37

'PMR 1 was calculated to meet the demands for energy and protein of a cow (650 kg of BW) producing 21 kg
of milk/d with an assumed DMI of 16 kg of DM/d; PMR 2 = PMR 1 with additional hay to reduce the energy

content and fed to restricted cows in period 2.

*Additional concentrate provided according to milk yield, consisting of (% in DM) 14.9% barley, 24.8% corn
kernels, 21.8% wheat, 20.1% soybean meal, 15.2% dried sugar beet pulp with molasses, and 3.2% vitamin-

mineral premix including limestone.

*Concentrate (% in DM): 7.9% barley, 24.7% wheat, 60.0% soybean meal, 7.3% vitamin-mineral premix includ-

ing salt and limestone.
‘Calculated values.

PCalculated by difference: 100 — (% CP + % NDF + % crude fat + % crude ash).

ples were milled (Brabender, Duisburg, Germany; filter
width 1.1 mm) and mixed into 2-wk sample pools (a
4-wk sample was pooled for CONC) for further analy-
ses. Feed samples were analyzed for crude ash, crude
fiber, and crude fat according to Weende analysis (Nau-
mann et al., 2000). Crude protein (N x 6.25) content
was determined by Dumas method, and NDF, ADF,
and lignin were analyzed according to Naumann et
al. (2000). Net energy (NE;) and available CP at the
duodenum (ACP) of the feed samples were calculated
according to the German Society of Nutrition Physiol-
ogy (GfE, 2001).

BW, BCS, and Ultrasonographic Measurements

Body weight was recorded automatically on electronic
scales mounted in the concentrate feeders. Body condi-
tion was scored according to Edmonson et al. (1989) on
a scale of 1 to 5 (1 = thin, 5 = obese). Simultaneously,
B-mode ultrasonographic measurements of the longissi-
mus dorsi muscle diameter (MD) and backfat thickness
(BFT) were performed as specified in Bruckmaier et al.
(1998a). The MD and BFT were evaluated graphically
according to Bruckmaier et al. (1998b) using Adobe
Photoshop CS4 Extended (Adobe Systems Inc., San
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Jose, CA). The BCS and ultrasonic measurements were
performed at the same time by the same person.

Milk and Blood Samples

Cows were milked twice daily in a 2 x 6 milking par-
lor (DeLaval) at 0500 and 1500 h. Daily milk yield was
recorded electronically. During the colostrum period or
treatment of mastitis, the harvested milk was separated
and manually weighed. Milk samples (about 50 mL)
were collected beginning at 3 d postpartum twice weekly
on 2 consecutive milkings each (Monday p.m., Tuesday
a.m., Thursday p.m., and Friday a.m.). Average fat,
protein, and lactose concentrations were determined by
an infrared analyzer (MilkoScan FT-6000, Foss Ana-
lytical A/S, Hillersd, Denmark; Milchpriifring Bayern
e.V., Wolnzach, Germany).

Blood samples were collected weekly; sampling was
performed after milking before feeding between 0730
and 0900 h. Blood was collected via jugular puncture in
2 K;EDTA-coated (18 mL) evacuated tubes (Greiner,
Frickenhausen, Germany). Samples were cooled on wet
ice, centrifuged at 2,000 x g for 15 min, and the plasma
was aliquoted into 1.5-mL Eppendorf tubes, and stored
at —20°C until analysis.
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Energy and Protein Balance Calculations

Energy balance was calculated for each cow individu-
ally as the difference between energy intake through
feed and energetic output for maintenance and milk
production. Energy intake was determined by multiply-
ing average weekly DMI of PMR 1, PMR 2, and CONC
with the corresponding NE; values. Maintenance
requirement was quantified according to GfE (2001)
by using the average weekly BW of the animal. Milk
energy output resulted from milk yield and contents of
mean fat, protein, and lactose of 1 wk samples accord-
ing to GfE (2001). Mobilization or deposition of body
tissue, in cases of negative and positive energy balance,
respectively, were not accounted for in the calculations.
The ACP at the duodenum (g/d) was calculated for
each cow individually as the difference between protein
intake through feed and protein output for maintenance
and milk production according to GfE (2001).

Blood Plasma Metabolites

Concentration of glucose was measured using a kit
from bioMérieux (Geneva, Switzerland; no. 61269); of
NEFA with kit no. FA 115, and of BHBA with kit
no. RB 1007 (both from Randox Laboratories Ltd.,
Schwyz, Switzerland).

Animal Health

Occurrences of diseases and health disorders, de-
tected by daily animal inspections with veterinarian
assistance, were documented and assigned to one of
the following classes: mastitis and other udder-related
problems, reproductive tract and related problems,
claw problems, or milk fever.

Statistical Analysis

Data presented are means + SEM. First, to evalu-
ate the effect of the deliberately induced NEB at 100
DIM, performance and metabolic data from the control
and treatment groups in period 2 and 3 were compared
using the MIXED procedure of SAS (version 9.2, SAS
Institute, Cary, NC). The model included week, group,
lactation number, and week X group interaction as
fixed effects. The area under the curve (AUC) of the
respective measures from wk 1 to 12 postpartum was
included additionally as a co-variable. The repeated
subject was the individual cow. The differences between
the R and C groups over time were detected by the
Bonferroni t-test.

Second, the reactions of cows to the NEB in period
1 were compared with the reactions in period 2. This
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comparison was performed based on AUC differences/
week (AAUC/wk) calculated for each period from the
cows experiencing NEB (period 1, wk 1 to 3 postpar-
tum; period 2, R cows) and during the time they did
not (period 1, wk 1 prepartum; period 2, C cows).
The calculated AAUC/wk for the measured traits in
periods 1 and 2 were statistically compared by using
the MIXED procedure of SAS with period and lacta-
tion number as fixed effects and the individual cow as
repeated subject. The differences between the periods
were detected by the Bonferroni t-test; P-values <0.05
were considered significant.

Third, for the statistical analysis of occurrence of
health disorders, a 1-sample binomial test was used to
evaluate the differences between the 2 groups.

RESULTS
Feed Intake and Energy Balance

In period 1, mean total DMI (Figure 1A) increased
weekly from 14.9 £ 0.2 kg/d (wk 1 postpartum) to
stable values between 22 and 23 kg/d in wk 7 to 12
postpartum. The postpartum energy balance (EB)
followed a similar pattern (Figure 1B), with the low-
est values after calving (—46.1 £ 3.4 MJ of NE/d)
and reaching positive values in wk 9 postpartum. At
the beginning of lactation, cows met their energetic
demands up to 70 & 2%, whereas in wk 12 postpartum,
the energy intake reached a level of 106 & 2% of the
calculated energy requirements.

In period 2, DMI for R cows decreased from 22.0 to
10.8 kg/d within 1 wk of feed restriction and stayed at
10.0 kg/d per cow in wk 2 and 3 of restriction (P <
0.001). The R cows experienced a NEB of —62.7 MJ
of NE;/d during the 3 wk of restriction (P < 0.001),
and only 51 + 2% of their energy requirements was
covered.

Within the first week in period 3, C cows had a
higher DMI than R cows. The EB for R cows returned
to positive within wk 2 of realimentation. From wk 3 to
8, the calculated energy requirement was met by 109%,
whereas C cows had a mean coverage of EB of 108%.

The mean ACP (g/d per cow) is shown in Figure 1C;
it followed a similar pattern to DMI and EB and was
affected by treatment in a similar manner to EB.

Milk Yield and Milk Composition

In period 1, milk yield started with 27.5 + 0.7 kg/d
(mean milk yield of d 4 to 11 postpartum), reached
a peak of 39.5 + 0.8 kg/d in wk 6 postpartum, and
declined to 33.7 £+ 1.1 kg/d in wk 12 postpartum (Fig-
ure 1D). Figure 2A shows the changes of milk fat and
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protein content. Both measures were highest in wk 1
postpartum (fat: 5.48 £+ 0.12%; protein: 4.09 + 0.06%).
The fat to protein ratio (Figure 2B) in period 1 peaked
at 1.51 £ 0.04 in wk 3 postpartum, and declined to
relatively constant values around 1.3 from wk 7 to 12
postpartum. Milk lactose increased from 4.46 4+ 0.02%
in wk 1 postpartum to constant values around 4.77 +
0.02% in wk 3 postpartum.

In period 2, R cows showed a moderate but signifi-
cantly decreased milk yield (27.4 £+ 0.5 kg/d) during
the 3 wk of feed restriction compared with C cows (30.5
+ 0.7 kg/d; P < 0.05). Only in wk 1 of period 2 was
there a tendency for higher milk fat percentage in R
cows (P < 0.10) than in C cows (4.63 4+ 0.15% and 4.38
=+ 0.11%, respectively). During the remainder of period
2, no differences were found between the 2 groups. The
fat yield calculated over the entire restriction period
(Figure 2C) was lower for R cows compared with C
cows (1,211 + 22 vs. 1,335 £ 29 g/d). Furthermore, in
period 2, milk protein concentration was lower (P <
0.05) in R cows than in C cows (3.19 + 0.03% and 3.38
+ 0.03%, respectively, Figure 2A), and protein yield
over the entire restriction period (Figure 2D) was lower
in R cows during period 2 (868 + 13 vs. 1,027 + 22 g/d;
P < 0.001). As a result, the R cows showed a higher
mean fat to protein ratio (Figure 2B) compared with
the C group in period 2 during the entire restriction
period (1.40 + 0.03 vs. 1.30 + 0.03; P < 0.05).

During realimentation, in period 3, milk yield recov-
ered and did not differ between R and C cows (P =
0.63). During period 3, no significant differences be-
tween the 2 groups were found for milk fat percentage.
In wk 1 of period 3, R cows were lower in milk protein
content compared with C cows (P < 0.05), and in wk 2
of period 3, a tendency (P = 0.06) still existed for lower
protein percentage in the R cows. The fat to protein
ratio in period 3 was not different between R and C
cows. Feed restriction and subsequent realimentation
did not affect lactose content.

BW, BCS, and Ultrasonographic Measurements

Mean BW (Figure 3A) per cow declined after par-
turition and remained around 650 kg from wk 7 to 12
postpartum. In the first week of feed restriction, the
BW of R cows decreased and was lower than that of
C cows in wk 2 and wk 3 of period 2 (P < 0.001). In
period 3, R cows gained BW and reached a similar BW
as C cows in wk 2 of realimentation. The response to
NEB in BW was more intense (56 + 4 kg) in period 2
than in period 1 (23 + 3 kg; P < 0.001).

After parturition, BCS (Figure 3B) decreased to 3.05
4+ 0.04 in wk 4 postpartum. In period 2, R cows showed
decreasing BCS, similar to the loss of BW, that was
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Figure 1. Dry matter intake (A), energy balance (EB; B), available
CP (ACP; C), and milk yield (D) in cows during experimental period
1 (up to wk 12 postpartum), period 2 (3 wk of feed restriction), and
period 3 (8 wk of realimentation). Data are given as mean values +
SEM. Differences between the groups are indicated with + (P < 0.10),
* (P < 0.05), ® (P < 0.01), and *** (P < 0.001).
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Figure 2. Milk fat and protein content (A), milk fat to protein ra-
tio (B), fat yield (C), and protein yield (D) in cows during experimen-
tal period 1 (up to wk 12 postpartum), period 2 (3 wk of feed restric-
tion), and period 3 (8 wk of realimentation). Data are given as mean
values = SEM. Differences between the groups are indicated with + (P
< 0.10), * (P < 0.05), ** (P < 0.01), and *** (P < 0.001).
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Figure 3. Body weight (A), BCS (B), backfat thickness (BFT)
(C), and longissimus dorsi muscle diameter (MD) (D) in cows during
experimental period 1 (up to wk 12 postpartum), period 2 (3 wk of
feed restriction), and period 3 (8 wk of realimentation). Data are given
as mean values + SEM. Differences between the groups are indicated
with + (P < 0.10), * (P < 0.05), ** (P < 0.01), and *** (P < 0.001).
Differences between period 1 (wk 1-3 postpartum) and period 2 are
indicated with different letters (a,b; P < 0.05).
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Figure 4. Concentration of plasma glucose (A), NEFA (B), and
BHBA (C) in cows during experimental period 1 (up to wk 12 post-
partum), period 2 (3 wk of feed restriction), and period 3 (8 wk of
realimentation). Data are given as mean values = SEM. Differences
between the groups are indicated with + (P < 0.10), * (P < 0.05), **
(P < 0.01), and *** (P < 0.001). Differences between period 1 (wk
1 to 3 postpartum) and period 2 are indicated with different letters
(a,b; P < 0.05).

lowest at the end of feed restriction (P < 0.001). The
BCS increased in period 3 for R cows. Cows responded
in BCS (Figure 3B) to NEB (Figure 1B) more intensely
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in period 1 (0.34 £ 0.04) than in period 2 (0.16 £ 0.03;
P < 0.01).

The BFT (Figure 3C) was lowest in wk 10 postpar-
tum. Within the first week of feed restriction, R cows
had a rapid decline in BFT compared with C cows (P
< 0.001). At the end of period 2, R cows had a lower
BFT (3.7 £ 0.2 mm) than C cows (1.5 £ 0.2 mm; P
< 0.001). During realimentation (period 3), BFT in
R cows increased compared with C cows but did not
recover during this period (P < 0.05). With regard to
BFT, cows responded similarly to a NEB (Figure 1B)
in periods 1 (0.9 £ 0.1 mm) and 2 (0.8 £ 0.1 mm; P
= 0.80).

Similar to BF'T, MD dropped from the highest value
in wk 1 postpartum to the lowest values in wk 8 postpar-
tum and remained unchanged until wk 12 postpartum
(Figure 3D). In period 2, the MD of R cows decreased
to wk 3 of feed restriction (P < 0.001). In period 3, MD
increased quickly for R cows and was unchanged from
wk 2 onward. The response of cows to NEB for MD was
greater in period 1 than in period 2 (3.5 + 0.4 vs. 2.0
+ 0.4 mm; P < 0.05).

Blood Metabolites

In period 1, plasma glucose concentrations were
lowest in wk 2 postpartum (Figure 4A) and increased
thereafter. Throughout period 2, mean plasma glu-
cose concentrations were lower in R cows than in C
cows (3.85 vs. 4.06 mmol/L; P < 0.05), and increased
again in period 3 to levels similar to those of C cows.
The response of cows to NEB for plasma glucose con-
centrations was greater during period 1 (0.65 4+ 0.06
mmol/L) than during period 2 (0.16 £+ 0.02 mmol/L;
P < 0.001).

After parturition, plasma NEFA concentrations in-
creased to wk 2 postpartum, and then decreased to wk
12 postpartum (Figure 4B). In period 2, for R cows,
NEFA concentrations increased within the first week
of feed restriction to 0.27 4+ 0.03 mmol/L and gradu-
ally decreased thereafter. In period 3, plasma NEFA
concentrations were similar for R cows and C cows.
The reaction of cows to NEB for plasma NEFA con-
centrations was more intense in period 1 (0.59 + 0.05
mmol/L) than in period 2 (0.08 + 0.02 mmol/L; P <
0.001).

Concentrations of BHBA increased to wk 3 postpar-
tum. Thereafter, BHBA decreased to a steady concen-
tration of approximately 0.50 mmol/L from wk 7 to 12
postpartum (Figure 4C). During feed restriction in pe-
riod 2, BHBA concentrations peaked in wk 2 at which
time BHBA concentrations were higher for R cows than
C cows (0.64 + 0.04 vs. 0.48 £+ 0.04 mmol/L; P <
0.05). In period 3, no differences between R and C cows
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Table 2. Occurrence (number) of health disorders during experimental periods'

Period 2 Period 3
Health disorder Period 1 R C P-value? R C P-value?
Mastitis and other udder-related problems 8 0 2 4 1
Reproductive tract-related problems 2 0 0 0 0
Claw problems 9 2 0 0 2
Milk fever 3 0 0 0 0
Total 22 2 2 0.50 4 3 0.35

"Period 1 = wk 1 to 12 postpartum; period 2 = feed restriction for 3 wk starting at 100 DIM; period 3 = realimentation period for 8 wk after

period 2. R = feed-restricted cows; C = control cows.

?P-values <0.05 indicate significant differences between R and C cows.

were observed for BHBA concentrations. In period 1,
cows responded more intensely (0.41 + 0.07 mmol/L)
in BHBA concentrations to NEB than in period 2 (0.13
+ 0.03 mmol/L; P < 0.01).

Animal Health

Table 2 gives an overview of the number and type of
health disorders in the different experimental periods.
Based on the sum of disorders, diseases were more fre-
quent (P < 0.05) in period 1 than in period 2, but R
and C cows did not differ during feed restriction (P =
0.50) and realimentation (P = 0.35).

DISCUSSION

Negative energy balance can be responsible for health
disorders (e.g., fertility problems, infectious diseases;
Bertoni et al., 2009). On the other hand, health prob-
lems (e.g., digestive or locomotive problems) can be a
trigger for NEB and may affect the NEB negatively in
early lactating cows. Furthermore, the incidence of dis-
ease occurrence is closely related to high-yielding dairy
cows in the transition period. This was observed in the
present study, where more health problems were ob-
served in early than in later lactation, when milk yield
and metabolic stress were lower. The present study
shows that metabolically more stressed cows during
the NEB in early lactation simultaneously have more
health disorders compared with cows experiencing a
higher deliberately induced NEB with lower responses
in metabolism and fewer health problems.

NEB During and Following Early Lactation

The evolution of DMI and EB after parturition in the
present study followed expected patterns. After partu-
rition, the EB decreased within a week to a nadir of
—46 MJ of NE;/d, which supports the nadir observed
by Kessel et al. (2008), who conducted their study at

the same research station, using the experimental herd.
The total DMI supported the reports of Ingvartsen and
Andersen (2000) and Kessel et al. (2008), and began at
about 15 kg/d in the first week postpartum, which was
higher than that reported by Ingvartsen and Ander-
sen (2000). A plateau of DMI was reached from wk 7
postpartum onward, showing an adaptive performance
of the cows, because the peak of DMI generally lags
until 10 to 14 wk postpartum in early lactating dairy
cows (NRC, 2001). Jorritsma et al. (2003) reported
that the balance between energy from feed intake and
energy requirements was attained at approximately 10
wk postpartum, which was supported by the present
study, in which a positive EB was achieved in wk 9
postpartum.

The EB during the deliberately induced NEB in wk
14 postpartum decreased as suddenly as the lactation-
induced NEB after parturition and achieved a nadir
within 1 wk from the start of feed restriction. Dur-
ing the first week of the deliberately induced NEB, a
NEB of —65 MJ of NE;/d was achieved. In addition,
the deliberately induced NEB remained at a level of
—63 MJ of NE;/d for 3 wk, whereas the NEB in early
lactation diminished gradually after its nadir in wk 1
postpartum. This level of the deliberately induced NEB
by feed restriction supported the induced NEB in other
studies (Velez and Donkin, 2005; Carlson et al., 2006).
The deliberately induced NEB by feed restriction was
induced by reduction of DMI and energy density of the
PMR. The suitability of the method was shown previ-
ously (Capuco et al., 2001).

Production Responses

From an evolutionary point of view, it is reasonable
that the priority of milk production for ruminants is
highest after parturition when the offspring depends on
milk as the exclusive feed source (Morrill et al., 1981).
The peak of milk yield was reached in wk 6 postpar-
tum in the present study, which supports observations
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from the NRC (2001) and Piepenbrink et al. (2004),
indicating milk production peaks between 4 and 8 wk
postpartum.

Surprisingly, the decline in milk yield during the de-
liberately induced NEB in the present study was only
about 3 kg (~10%). This was a significant decrease
compared with that in the C cows, although less than
the decrease of about 20% in milk yield in studies with
a comparable extent of induced NEB to the present
study (Velez and Donkin, 2005; Carlson et al., 2006).
Among the level of the NEB induced by feed restric-
tion, its initiation and duration must be considered in
the evaluation of effects on milk production. In the
present study, feed restriction lasted 3 wk starting at
100 DIM, whereas feed restriction lasted only 5 d in
the study of Carlson et al. (2006), but began at 132
DIM. Furthermore, age, breed type, and genetic merit
of the dairy cow may influence a cow’s response to a
deliberately induced energy deficiency.

During realimentation, milk yield for energy-restrict-
ed cows in the present study fully recovered to the level
of the control animals. Based on calculated EB, the
ad libitum feeding in this period resulted in an energy
supply above cows’ requirements. Besides milk yield,
milk composition was affected by lactation stage and
energy supply in the present study. Milk fat and protein
content in early lactation decreased with the simultane-
ously increasing milk yield supporting Zanartu et al.
(1983). During the feed restriction period in the pres-
ent study, milk fat was not different in feed restriction,
supporting Velez and Donkin (2005) and Carlson et
al. (2006), despite a comparable NEB induced by feed
restriction.

Milk protein decreased due to the energy deficiency
and the simultaneous reduced protein supply during the
feed restriction period. These results support studies of
Rohrmoser and Kirchgessner (1982) and Carlson et al.
(2006) and reflect the limited intake of feed protein.
Furthermore, microbial protein synthesis in the rumen
is dependent on the energy supply. Derived from milk
solids, the fat to protein ratio in milk can be used as
a tool indicating NEB. Heuer et al. (1999) recommend
threshold values between 1.35 and 1.50, beyond which
individual cows are regarded to be at higher risk for
energy deficiency. When 1.35 was considered as the
lower threshold, dairy cows in the present study were
above this level in the first 5 wk of lactation and during
the feed restriction period. The fat to protein ratio in
milk partly seems a suitable instrument to detect a
NEB in early and mid lactation. In contrast to milk fat
and protein contents, lactose content seems to be very
stable in mid and late lactation and was not affected in
the present study, supporting Velez and Donkin (2005)
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and Carlson et al. (2006), where feed restriction did not
alter milk lactose content.

Changes of BW, BCS, BFT, MD,
and Blood Metabolites

In early lactation, mobilization of adipose tissue was
associated with decreasing BW; it occurred simultane-
ously with a rapid increase of DMI. The loss of BW
concomitant to the increase of DMI in early lactation
was observed in a study of Liefers et al. (2003). During
feed restriction, the loss of BW is a consequence of the
reduced DMI and the loss of gut fill (NRC, 2001). Yet,
the amount of mobilized fat can be larger than the
loss of BW because the depleted body mass is partially
replaced by water in the tissues (Schroder and Staufen-
biel, 2006).

After a deliberately induced NEB, BW recovered
in feed-restricted cows within 2 wk of realimentation,
supporting Agenés et al. (2003) who found a quick re-
covery of BW within 4 d of refeeding and Chelikani et
al. (2004) after 24 h of refeeding after feed deprivation
for 48 h. The quick increase of BW may be attributed
to the increased gut fill during the refeeding period, not
only to the recovery of body reserves.

To quantify the actual changes in body reserves during
periods of NEB, BCS, MD, and BFT were evaluated in
the present study. The BCS can mirror the nutritional
status in dairy cows as it reflects changes in the sub-
cutaneous fat layer, but BCS is influenced by subjec-
tive factors (Bruckmaier et al., 1998a). According to
those authors, changes of the longissimus dorsi MD and
BFT parallel those of BCS and reflect alterations of
whole-body fat content and muscle mass. The decrease
in BFT during the restriction period was comparable
to the mobilization in early lactation (0.8 + 0.1 vs. 0.9
+ 0.1 mm), whereas changes in MD were lower (2.0
+ 04 vs. 3.5 + 0.4 mm) than in early postpartum.
Furthermore, MD recovered totally in the realimenta-
tion period, whereas BFT did not recover until the end
of the experiment. Bjorntorp et al. (1982) showed that
the replenishment of lipid stores after feed restriction
takes longer than refilling protein stores. The priority
of body protein is maintained by limited proteolysis via
endocrine control during stages of a NEB (Hocquette
et al., 2007).

Plasma metabolites responded to the deliberately in-
duced NEB at the same time as to the lactation NEB,
but the extent of changes was lesser. Plasma glucose
concentration decreased in the first 2 wk after parturi-
tion. According to previous studies (Baxter et al., 1956;
Blum et al., 1983), this can be interpreted as a conse-
quence of the high demand for this substrate, especially
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for the synthesis of lactose. The homeostatic control of
blood glucose concentration in mid lactation was not
affected by a partial energy restriction in the study
of Carlson et al. (2006). In contrast, in the present
study, plasma glucose concentration decreased during
the feed restriction period. Glucose concentration was
lowered by 0.2 mmol/L for feed-restricted cows (3.9
vs. 4.1 mmol/L), despite the high NEB of almost 50%
of requirements. Nevertheless, energy-restricted cows
after 100 DIM did not become as hypoglycemic as in
early lactation.

During NEB in early lactation, body fat is mobilized
and leads to increased levels of NEFA (Kessel et al.,
2008; van Dorland et al., 2009). In contrast, the even
greater NEB induced by feed restriction following early
lactation in the present study resulted in an increase
of NEFA concentration to a maximum of 0.27 mmol/L
that was still below the concentration of 0.9 mmol/L ob-
served in wk 2 postpartum. Carlson et al. (2006) found
that plasma NEFA concentrations in feed-restricted
cows (132 DIM) were elevated to a much lesser degree
compared with the observations in early lactation.

The present study showed the highest values for
BHBA during the NEB in early lactation (0.98 mmol/L
in wk 3 postpartum), supporting Doepel et al. (2002)
who showed that plasma BHBA concentrations peak
later than NEFA concentrations. During the NEB
deliberately induced by feed restriction following early
lactation in the present study, R cows showed only a
small change in BHBA concentration compared with
control cows (0.6 vs. 0.5 mmol/L). In Carlson et al.
(2006), an energy restriction of 50% did not increase
BHBA concentration in feed-restricted cows. This can
be explained by the smaller increase in the concentra-
tion of NEFA that serve as a substrate for ketone body
production.

CONCLUSIONS

In contrast to the milk production during early lacta-
tion (Bauman and Currie, 1980), during which cows
have more metabolic problems, a deliberately induced
NEB at around 100 DIM resulted in an immediate but
small decline of milk yield, accompanied by high losses
of body reserves. In addition, the marginal changes of
metabolic measures during a deliberately induced NEB
by feed restriction following early lactation were within
the range observed for metabolically nonchallenged
cows. Therefore, the hypothesis that responses of dairy
cows in performance and metabolites to a NEB in early
and following early lactation are different was confirmed
by the observations made in the present study. Studies
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on endocrine regulatory mechanisms and changes in
liver metabolism designed to explain the present find-
ings are in progress.
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