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Biological implications of longevity in dairy cows: 1. Changes
in feed intake, feeding behavior, and digestion with age
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ABSTRACT

Milk production strategies focusing on longevity
and limited use of concentrate are receiving increasing attention. To evaluate such strategies, knowledge
of the development with age of animal characteristics,
particularly digestion, is indispensable. We therefore
investigated the development of feed intake, chewing
activity, and digestion in 30 lactating Brown Swiss
cows (876–3,648 d old) and 12 heifers (199–778 d old).
We also studied whether age effects were exhibited differently in animals selected from herds subjected for
11 yr either to a forage-only or to a forage-concentrate
feeding regimen. Forages consisted of grass hay (the
only feed for heifers), corn silage, and grass pellets.
Measurements lasted for 8 d, where amounts and composition of feeds, feces, and milk were recorded and
analyzed. Ruminal pH data and eating and rumination
activity were assessed by pH sensors put into the rumen and halter-mounted noseband sensors. The mean
retention time of feed particles was assessed using
Cr-mordanted fiber and data were used to calculate
dry matter gut fill. Data were subjected to regression
analyses with age and feeding regimen as explanatory
variables, and body weight, milk yield, and proportion
of hay in forage as covariates. This allowed separating
age-related changes of body weight and milk yield from
independent age effects and correcting for differences
in preference for individual forages. In cows, organic
matter intake increased with age (from slightly below
to above 20 kg/d), as did mean retention time and gut
fill. Digestibility of organic matter did not show a clear
age dependency, but fiber digestibility had a maximum
in cows of around 4 to 6 yr of age. Ruminal pH and
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absolute eating and rumination times did not vary with
cow age. Young and old cows chewed regurgitated boluses more intensively (60–70 times) than middle-aged
cows (about 50 times). Effects of feeding regimen were
small, except for fiber intake and rumination time per
unit of intake, owing to the different fiber content of the
diets. No significant interactions between age and feeding regimen were found. Heifers spent more time eating and ruminating per unit of feed than cows, which
resulted in a high fiber digestibility. Irrespective of the
feeding regimen tested, older cows maintained intake
and digestion efficiency with longer retention times and
chewing rumination boluses more intensively. The results support efforts to extend the length of productive
life in dairy cows.
Key words: lactation number, digestibility, digesta
passage time, ruminal pH, rumination
INTRODUCTION

Milk production by dairy cows has been globally
intensified by favoring genotypes with high daily milk
yields (Miglior et al., 2005). These cows need proportionately fewer nutrients for maintenance and are particularly efficient in transforming nutrients into milk
(Flachowsky and Brade, 2007; Prendiville et al., 2009),
a phenomenon called “dilution of maintenance” (Capper and Bauman, 2013). The disadvantage of this highyield strategy is that increasing amounts of concentrate
are required, resulting in resource-intensive production
that is in direct competition with human food supply
(Oltjen and Beckett, 1996; Kiefer et al., 2014). Furthermore, the average number of parities per cow in
high-yield strategies is decreasing or, at best, stable
at a low level (e.g., 2.6 to 3.3 in the United States
and Germany; Hare et al., 2006a; Knaus, 2009; Rohde
et al., 2009). Even though involuntary culling due to
different diseases or poor reproductive performance is
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more frequent than voluntary selection, a substantial
proportion of the herd is culled exclusively to accelerate breeding progress for performance (Hadley et al.,
2006; Pinedo et al., 2010). A short productive lifetime
of cows requires additional rearing of replacements for
culled cows, which is a rather unproductive period, as
only meat from the culled cows is contributing to food
production. Rearing takes at least 2 yr (Hare et al.,
2006b), which is equivalent to almost half of the entire
lifetime of dairy cows under current conditions. Therefore, increasing the longevity of cows enhances the dilution of the nonproductive stage by a longer productive
lifespan.
To develop strategies for sustainable dairy production based on an increased length of productive life,
knowledge about nutrient intake and digestion characteristics of animals at higher ages is indispensable.
Results from Hayirli et al. (2002) and Jensen et al.
(2015) suggest that feed intake capacity in dairy cattle
increases with age. For other herbivorous species, such
as deer, the capacity of the rumen-reticulum was reported to proportionately increase with age along with
ruminal retention time (Veiberg et al., 2009; Duarte
et al., 2011). Graham (1980) showed an increase in
nutrient digestibility from weaner lambs to 6-yr-old
sheep. Pérez-Barbería and Gordon (1998) stated in
their review that improved chewing ability and modified chewing behavior can compensate for decreasing
tooth effectiveness during lifetime; both influence the
degree of feed comminution and, thus, feed degradability. Tooth effectiveness and feeding behavior have
also been used to explain higher feed intake rates in
mature compared with young cows (Pérez-Barbería
and Gordon, 1998; Boudon et al., 2009). Furthermore,
differences in diet composition (particularly fiber and
its digestibility; Riaz et al., 2014) could result in different age trends in intake and digestion. Most of the
recent literature on age effects in cattle is limited to
the distinction between primiparous and multiparous
cows (e.g., Maekawa et al., 2002b; Wathes et al., 2007;
Devries et al., 2011) or groupings of cows across several
lactations (e.g., >3, Fall et al., 2008; >4, Keene et al.,
2004). In addition, cows in experiments are usually only
chosen from a restricted age range, and thus older cows
are often deliberately omitted.
Therefore, the objective of the present study was to
determine if any changes in digestion occurred with age
in dairy cattle continuously distributed over a large
age range. Age effects were tested in 2 different feeding
regimens (zero concentrate diet vs. control diet including concentrate). As a first step, nutrient intakes as
well as feeding and digestion characteristics in heifers
and cows of different ages (0.5–10 yr) were investigated.
Three hypotheses were tested. (1) Dairy cattle increase
Journal of Dairy Science Vol. 99 No. 5, 2016

their intake capacity with age, which allows them to
increase intake without compromising ruminal fermentation conditions, digesta retention, and digestibility.
(2) As chewing efficiency changes with age, cattle show
a curvilinear development of chewing and rumination
activity. (3) The age effect depends on the feeding regimen. The age-related changes were expected to go beyond the more obvious ones occurring from the transition from the heifer state (nonlactating) to primiparous
cows and the subsequent transition from primiparous to
multiparous cows. As a second step, methane emissions
and efficiency were investigated as decisive criteria for
environmental sustainability of longevity strategies in
dairy production (described in Grandl et al., 2016).
MATERIALS AND METHODS
Animals and Feeding

The experiment, carried out from October 2013 to
February 2014, was approved by the veterinary office of
the Swiss canton of Zurich (149/2013).
Thirty lactating cows and 12 heifers of the Brown
Swiss breed were selected from the 2 herds of the Agricultural Education and Advisory Centre Plantahof
(Landquart, Switzerland). These herds were managed
with different feeding regimens since 2003, and replacement was exclusively done within feeding regimen.
Concentrate was completely omitted in one feeding
regimen (0-CONC). In the other feeding regimen, the
diet for the lactating cows included concentrate (5 kg/d
per cow, 2 types either rich in energy or in protein
were given in a ratio of 3:2). This was referred to as a
control feeding regimen (CTRL), as this is a representative feeding practice for higher-yielding dairy cows.
Year-round, animals in both feeding regimens received
similar forages (hay, fresh grass or grass silage, corn
silage, and pellets made from artificially dried grass,
supplemented with NaCl and minerals). Cows were
kept in a tiestall barn and treated identically. Sires
used for AI were the same in both feeding regimens. All
heifers of both feeding regimens were raised together on
the same forage-only diet. After parturition they were
allocated to the respective feeding regimen into which
they had been born.
The animals (including the nonlactating heifers) were
selected to achieve a maximum age spectrum and were
balanced for feeding regimens and DIM. The age range
covered a span from 199 to 3,648 d for CTRL and 310
to 3,640 d for 0-CONC (weaned calves to cows in the
seventh lactation; details given in Table 1). The experiment was conducted in 7 subsequent runs during which
6 animals were subjected to the experimental procedures in parallel. The procedures lasted for a total of
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Table 1. Description of the experimental animals selected from the
control (CTRL) and the zero concentrate (0-CONC) feeding regimen
(ranges or means ± SD)
Feeding regimen
Item
Cows (n)
Age range (d)
Number of cows
Lactation 1
Lactation 2
Lactation 3
Lactation 4
Lactation 5
Lactation 6
Lactation 7
BW range (kg)
Mean BW (kg)
DIM
Milk yield1 (kg/d)
Heifers (n)
Age range (d)
BW range (kg)
Mean BW (kg)

CTRL

0-CONC

15
876–3,648

15
1,086–3,640

4
2
2
3
2
0
2
619–781
710 ± 53
127 ± 57
42.5 ± 7.5
5
199–729
258–514
419 ± 102

3
4
3
1
1
2
1
579–738
666 ± 51
111 ± 68
39.3 ± 8.2
7
310–778
309–565
389 ± 105

1
As measured in last monthly milk performance recording before the
beginning of the experiment.

11 d for each animal. On the first day, the animals were
moved in pairs for 3 d to respiration chambers situated at an experimental station (approximately 160 km
driving distance; Grandl et al., 2016). Afterward, the
animals returned to the tiestall barn for an 8-d sampling period during which various traits describing in-

take, feeding behavior, and digestion were investigated.
The experimental diets for the lactating animals were
identical to the common winter diet used in the respective feeding regimens (Table 2). Therefore, a specific
dietary adaptation was not needed for the cows before
the start of the experiment. Heifers usually received
leftovers from the cows. As these are often variable in
composition, during the experiment the heifers received
a hay-only diet (same hay as cows), to which they were
adapted for 10 d.
During the experiment, feeding and milking took
place along with the normal routine applied to all cows.
Periods of feeding were from 0300 to 0800 h and from
1415 to 1800 h, where hay was provided at ad libitum
access in portions of 1 to 2 kg (as fed). At the end of
each feeding period, a larger portion of hay was offered
to last until the next feeding period started. Corn silage
was given once per feeding period after the first portion of hay. Grass pellets and concentrate were given
in 2 and 4 portions per feeding period, respectively.
During evening feeding, 50 g/d of NaCl and 100 g/d
of a vitamin-mineral supplement were provided. The
latter contained (per kilogram) 100 g of Ca, 80 g of P,
20 g of Na, 75 g of Mg, 750 mg of Cu, 4 g of Zn, 3 g of
Mn, 30 mg of I, 20 mg of Co, 40 mg of Se, 1 g of S,
1,000,000 IU of vitamin A, 200,000 IU of vitamin D3,
2,400 IU of vitamin E, and 100 mg of biotin. Leftovers
were removed before each new feeding period, separated
into hay and corn silage (concentrate and grass pellets

Table 2. Nutrient contents of the experimental feeds, amounts of respective feeds offered per cow, and realized average intake of the these feeds
(DM basis) in the control (CTRL) and the zero concentrate (0-CONC) feeding regimen
Diet component
Item

Subset

DM (%)
Nutrients (% of DM)
OM
CP
NDF
ADF
ADL
EE1

Hay

Corn silage

Grass pellets

Energy
concentrate

Protein
concentrate

97.6

40.2

91.4

91.0

91.4

90.6
12.3
53.8
32.7
4.22
1.88

96.6
7.1
36.1
20.8
3.40
3.22

88.9
18.2
43.4
25.8
4.76
4.07

93.8
23.5
18.7
8.9
3.86
6.79

93.8
44.4
19.0
11.7
4.23
6.36

10.9
8.8
—

2.7
4.6
—

2.7
—
—

1.8
—
—

Amount offered (kg
of DM/d)
CTRL
0-CONC
Heifers

ad libitum
ad libitum
ad libitum

Realized DMI (kg/d)
CTRL
0-CONC
SE
P-value
Heifers

6.91
7.88
0.366
0.245
8.05 ± 0.4522

8.25
8.06
0.293
0.561
—

2.25
4.37
0.226
<0.001
—

2.68 ± 0.1372
—
—3
—
—

1.79 ± 0.0952
—
—3
—
—

1

EE = ether extract.
SE.
3
No pooled SE available.
2
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were completely eaten), and weighed. The animals had
permanent access to water. The cows were milked at
0315 and 1500 h.
Recording of BW and ECM Yield. Body weight
was measured on a pallet scale on the first day of the
8-d collection period. During the collection period, milk
yield was recorded at each milking using a mechanical
milk meter (Tru-Test Limited, Auckland, New Zealand). From each milking, Bronopol-conserved samples
were collected and analyzed for fat, protein, and lactose by a Fourier transform infrared spectrophotometer
(MilkoScan FT6000, Foss, Hillerød, Denmark) at the
Swiss routine milk analysis laboratory (Suisselab AG,
Zollikofen, Switzerland). The ECM was calculated
based on the Agroscope (2015) equation as
ECM (kg) = milk (kg) × [0.38 × fat (%)
+ 0.24 × protein (%) + 0.17 × lactose (%)]/3.14.
Body weight and ECM yield were used as covariates in
the analyses of the feeding and digestion traits in the
present article; their development with age is given in
Grandl et al. (2016).
Assessment of Eating and Ruminating Behavior. The chewing activity of all animals was monitored
with noseband sensors (MSR Electronics, Seuzach,
Switzerland; Braun et al., 2013) mounted on halters
that were fitted onto the cows for 3 to 4 d during the
8-d sampling period. A data logger (MSR 145, MSR
Electronics) recorded pressure signals from an oil-filled
tube that was integrated in the noseband. The signals
were evaluated by the software MSR V5.20.05 (MSR
Electronics) and categorized into eating, ruminating,
and other activities (such as idling, drinking, scratching, and so on). Additionally, the number of rumination
boluses and chews during eating and ruminating were
evaluated. Chewing activity data of 1 heifer had to be
excluded from analyses because extremely low values
indicated a technical failure.
Measurement of Ruminal pH. For continuous
measurement of ruminal pH, 14 lactating cows (7 per
regimen; i.e., approximately every second experimental
cow) were equipped with an indwelling sensor bolus
(smaXtec animal care GmbH, Graz, Austria) as described by Gasteiner et al. (2012). The selected animals
were quite evenly distributed over an age spectrum
from 876 to 3,562 d. The boluses were administered
orally on the day before the 8-d sampling period began.
Every 10 min, ruminal pH was recorded and stored in
an internal memory. Data for each cow were retrieved
via radio transmission to a hand-held device and then
transferred to a PC, where daily averages for mean pH
Journal of Dairy Science Vol. 99 No. 5, 2016

and length of times with pH below 6 or 5.8 were calculated for the 8-d period. One bolus (CTRL cow) failed
to transmit reasonable data.
Preparation and Application of Digesta Passage Marker. Chromium-mordanted fiber was used
as particle marker for determination of passage time.
For that purpose, grass hay was dried and ground with
a cutting mill to pass an 8-mm screen. The material
was then dry screened to obtain material with a particle size of between 1 and 2 mm. These particles were
mordanted according to Udén et al. (1980). Briefly,
particles were soaked in a sodium lauryl sulfate solution
(20 g/L of water, 10–15 L/kg of hay) for 4 h at room
temperature, thoroughly rinsed with water, washed
with acetone, and dried at 60°C. Then 100-g particles
were incubated with 33 g of sodium dichromate dihydrate as a mordant. After washing and treatment with
ascorbic acid, the particles were dried at 65°C. The dosage provided to the animals was approximately 0.1 g
of particle marker per kilogram of BW. The respective
amounts of marker were shaped into boluses by pressing the moistened particle markers into polyvinyl chloride tubes and freezing the tubes until application. The
frozen marker boluses were uncased and administered
to the animals at the beginning of the sampling period
using a commercial bolus applicator.
Sampling. Hay and corn silage were sampled at the
beginning and the end of each run of 6 animals. The
grass pellets and the 2 concentrates were sampled twice
during the entire experiment. Samples of leftovers from
each animal were collected twice per day during the
8-d collection period. The samples were immediately
dried at 60°C to constant weight and ground to pass a
1-mm screen of either a cutting mill or centrifugal mill
(concentrate) for later analyses.
During the sampling period, the entire feces were
collected in polypropylene trays placed at the rear end
of the tiestalls. Urine was separated from feces using
urinals attached around the vulva of the cows and fixed
by hook-and-loop fastener straps glued (Cyanolit 202,
Panacol Elosol GmbH, Steinbach, Germany) onto the
skin. Representative samples of feces proportional to
the amounts excreted were taken from the trays at least
twice a day and the total daily amount of excreted
feces was recorded and a fixed proportion (0.3 and 0.6%
in cows and heifers, respectively) was immediately frozen. Samples were composited per cow and collection
period. Additional fecal samples (approximately 100 g
per sampling) were drawn for the determination of the
digesta passage time. On the day before the marker
bolus application, 3 samples were taken. Further fecal
samples were collected 4, 8, 12, 18, 22, 26, 30, 36, 42,
46, 52, 58, 66, 74, 82, 90, 98, 106, 114, 126, 138, and
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150 h after marker application. All fecal samples were
dried at 60°C to a constant weight and ground through
a 1-mm screen with a centrifugal mill.
Laboratory Analyses. Feeds and feces were analyzed according to standard procedures (AOAC International, 1995). For DM and total ash (method 942.05;
AOAC International, 1995), a thermo-gravimetric device (model TGA-500, Leco, St. Joseph, MI) was used,
for nitrogen (method 977.02; AOAC International,
1995) a C-N analyzer (model Analysator Type CN2000, Leco) was used. Crude protein was defined as
6.25 × N. Ether extract was determined with a Soxhlet
extraction system (model Extraktionsapparatur B-811,
Büchi, Flawil, Switzerland; method 963.15, AOAC International, 1995). Fiber analyses were performed as
proposed in AOAC International (1995; method 973.18)
using the Fibertec System M (1020 Hot Extraction,
Tecator, Flawil, Switzerland). Heat stable α-amylase
was used for NDF analysis, but not sodium sulfite
(Van Soest et al., 1991). Acid detergent lignin was analyzed sequentially after the ADF step by incubating
in sulfuric acid (72%) for 3 h. Fiber data were corrected for ash content. The Cr content of fecal samples
and particle marker was determined using inductively
coupled plasma optical emission spectrometry (Optima
8000, Perkin Elmer, Rodgau, Germany), measuring at
267.716 nm, the element’s spectral line. The Cr content
of the marker was 37.3 g/kg of DM. The Cr levels measured in the 3 predosage samples were used to correct
for fecal background Cr levels in each individual animal.
Calculations and Statistical Analysis

The apparent digestibility (aD) of nutrients was calculated from the amounts ingested and those recovered
in the feces. The following equation from Thielemans et
al. (1978) was applied to calculate mean retention time
(MRT) of the digesta in the gastrointestinal tract:

MRT =

∑ ti,i +1C i ⋅ dti ,
∑C i ⋅ dti

where ti ,i +1 = mean time (h) after application of markers of 2 subsequent samplings i and i + 1 calculated as
ti + (ti+1 − ti)/2; Ci = marker content in the fecal
samples voided in the interval represented by time ti
and ti–1; and dti = sampling interval (h) of the respective sample, calculated as [(ti+1 − ti) + (ti − ti−1)]/2.
Assuming a linear absorption of nutrients during
MRT (Holleman and White, 1989), the total DM present in the gut can be calculated as
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Total DM in gut (kg) =
DMI (kg/h) × [1 – (aD of DM/2)] × MRT (h).
All statistical analyses were performed with the statistical software R (R Core Team, 2015). Data were
subjected to parametric regression analyses. For each
trait in the cows, the best model was selected by screening all possible subsets of the following full model:
Yijklmnop = μ + FRi + βjA + βkln(A)j + βl(A × FR)
+ βmln(BW) + βnECM + βoHayProp + εijklmnop,
where Yijklmnop = individual observation of the respective trait; μ = overall mean; FRi = fixed effect of the
feeding regimen i; βj…o = regression coefficients of the
continuous fixed effects of age (A, linear and ln-transformed), of the interaction of age and feeding regimen
(A × FR), and of the covariates ln(BW), ECM yield,
and hay proportion (HayProp) in forage; and εijklmnop
= random residual. Age was included both as linear
and ln-transformed effect to allow also for nonlinear
relationships between the traits and age. Including the
covariates ensured that effects of feeding regimen and
age were corrected for different BW and ECM yields
of the animals. Potential individual animal preferences
for hay versus the other forages (especially corn silage)
were accounted for by including the intake of hay as a
proportion of total forage intake (hay, corn silage, and
grass pellets; on a DM basis). The covariate BW was
included as ln-transformed variable, as it is known that
many digestion traits do not scale linearly with BW
(Müller et al., 2013). All models that included age (in
any transformation) and feeding regimen were ranked
according to the Akaike information criterion (Akaike,
1974), modified for small sample sizes (Symonds and
Moussalli, 2011) using the package glmulti (Calcagno,
2013). Models with a difference in the values of the
information criterion (ΔAICC) of less than 2 between
the best and the respective models were considered to
be as good as the best model. The final model was then
chosen following the parsimony rule as the one with the
least number of coefficients (Symonds and Moussalli,
2011). In addition to the parsimony rule, equivalent
nested models with ΔAICC of less than 2 were compared with a likelihood-ratio test for the significance
of additional coefficients. Equivalent non-nested models
with the same number of coefficients were compared on
the basis of their coefficient of determination and the
residual sum of squares. All criteria matched the results of the ΔAICC ranking and the parsimony rule as
decision criterion almost perfectly. Only for OM intake
the model including BW was chosen against the model
Journal of Dairy Science Vol. 99 No. 5, 2016
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without BW, as it is known that feed intake increases
with BW (e.g., Jensen et al., 2015).
Data of the nonlactating heifers were analyzed separately applying a regression model that included feeding
regimen and age as effects. The reason for the separate
analysis was that potential age effects in heifers are
presumed to have a different biological background
compared with a potential age effect in adult cows. In
heifers, it is mainly driven by the growth and development of the juvenile animal, whereas the age effect in
adult cattle is expected to be related to senescence.
Additionally, the diet (hay only) was different from
that of the cows, and the covariates ECM yield and
hay proportion used in the cow regressions were not
applicable to the heifer data. This also applies to BW,
which is naturally highly colinear with age in growing
heifers. Given that the same diet was fed to heifers from
both regimens, significant feeding regimen differences
in heifers would indicate genuine effects from the 11 yr
(2003–2014) of selection within feeding regimen. However, as a significant feeding regimen effect was never
present in the heifers, heifer data are presented across
both feeding regimens. The medians of heifer and cow
data were compared with the Wilcoxon-Mann-Whitney
rank sum tests.
Adjusted means for the feeding regimens were calculated with the effects package (Fox, 2003). The figures
display measured individual data points, as well as
regression lines and pointwise confidence bands for heifers and for cows, where the covariates (if in the model)
were held constant at their median. Furthermore, to
indicate model selection uncertainty, additional regression lines were added in cases where equivalent models
(i.e., ΔAICC ≤2) were identified. Model assumptions
were verified by graphically analyzing residuals for normality, independence, and homoscedasticity of the errors. Effects were considered as statistically significant
at P < 0.05 and as trends at 0.05 ≤ P < 0.10.
RESULTS
1XWULHQW,QWDNH

The actual diet composition of the lactating cows
marginally deviated from that anticipated. In detail,
the intakes of hay (provided ad libitum) and of corn
silage were slightly smaller than intended for both feeding regimens (Table 2). There was no consistent age
trend in realized diet composition, and hay proportion
in forage was not related to age (Figure 1). When cow
OM intake (OMI) was analyzed with regression and
thus adjusted for the covariates, we noted no difference in OMI between the 2 feeding regimens (Table 3).
Journal of Dairy Science Vol. 99 No. 5, 2016

Regression analysis revealed a significant increase of
OMI in cows with age (Table 4). Intake of OM was
also positively related to ECM yield and BW (not significant for OMI), as was NDF intake. The increase of
OMI lessened with age, but did not reach a maximum
in the age range investigated (Figure 2a). By contrast,
after an initial increase with age, NDF intake started
to decline slightly with higher ages in cows (Figure 2b).
Intakes of OM and NDF in the heifers increased with
age, but no differences were found between the animals from the 2 feeding regimens offered the same diet.
When intake was expressed per unit of BW, no age
effect was observed in heifers (Figure 2c, d). Organic
matter and fiber intake was smaller in heifers both in
absolute values and per unit of BW (P < 0.01).
Digesta Passage, Gut Fill, and Digestibility

The MRT of the particulate matter did not differ
between feeding regimens (Table 3). The regression
analysis revealed age and all covariates as significant
predictors (Table 4). The MRT increased with age
(Figure 2e); the average MRT was longer in the heifers as compared with the cows (P < 0.001). Within
heifers, no age or feeding regimen effects were noted.
In cows, total gut fill did not differ between feeding
regimens (Table 3). Gut fill increased significantly with
age (Table 4; Figure 2f) and was also positively related
to BW and hay proportion in forage (Table 4). In the
heifers, gut fill was smaller (P < 0.001) in absolute
terms, but similar to that of primiparous cows when
related to BW. We found no age- and feeding regimenrelated patterns in total gut fill in heifers (Figure 2f).
The apparent digestibility of OM tended to be lower
in 0-CONC compared with CTRL cows, but the feeding regimen did not affect aD of NDF (Table 3). Age
did not influence aD of OM (Figure 2g) and the overall
model for aD of OM was not significant (P = 0.078,
Table 4). The aD of NDF showed a curvilinear relationship with age with a peak at around 2,000 d (Figure
2h). Hay proportion in forage influenced aD of NDF
but not of OM (Table 4). In the heifers, aD of OM
was in the same range as for the cows, whereas aD of
NDF was greater (P < 0.001) in heifers. However, the
observed range in individual aD was considerably wider
in heifers than in cows (Figure 2g, h). There was no
relationship with either age or feeding regimen in the
heifers.
Ruminal pH

The mean ruminal pH and the times when the pH
was below 6.0 or 5.8 did not differ between feeding
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regimens (Table 3); age did not influence pH traits
(Figure 2). The ECM yield was positively related to increasing mean pH and shorter times of pH being below
the thresholds tested. However, the overall model fit
was generally poor with all ruminal pH traits (Table 4).
The regression models found for the pH traits were not
significant (Table 4).
Eating and Ruminating Behavior

Absolute eating time in cows was not related to age
or feeding regimen, but was significantly increased with
a greater hay proportion in forage (Figure 3a; Table 4).
No combination of the explanatory variables revealed a
significant relationship with absolute rumination time
(Table 4). No significant differences between the feeding regimens were found in any of the chewing activity traits except for rumination time per unit of DMI
(Table 3). Eating time per unit of DMI and NDF intake
and the number of eating chews per unit of DMI decreased with age (Figure 3b, c, g). Rumination time per
kilogram of DM or NDF intake exhibited a U-shaped
development with age (Figure 3e, f), with the youngest
and the oldest cows spending more time ruminating per
unit of intake than middle-aged cows. There were significant age effects on the number of rumination chews
(Table 4, Figure 3h, i). Rumination chews per unit of
DM and per bolus also showed a U-shaped development
with age with most chews found in primiparous and in
old cows.
The heifers expressed a greater variation in eating
and rumination times than the cows when the times
were related to DM or NDF intake (Figure 3). The
daily eating and rumination times were in the range of
the cows. Eating and rumination times per kilogram of
DM and NDF intake remarkably decreased with age in
heifers (Figure 3b, c, e, f), and the younger heifers in
particular spent substantially more time for chewing
compared with older heifers and cows. More eating and
rumination chews per kilogram of DMI were observed
in the heifers compared with the cows, and the number
of chews in heifers also decreased significantly with age
(Figure 3g, h). The number of chews per regurgitated
bolus was in same range in heifers and cows.
DISCUSSION

Figure 1. Actual diet composition (dashed horizontal lines = values from diet plan) for cows of different age from the control (CTRL,
top) and the zero concentrate (0-CONC, middle) feeding regimen, and
hay proportion in forage consisting of hay, corn silage, and grass pellets (bottom). Conc = concentrate.

To the best of our knowledge, this is the first study
describing feeding and digestion characteristics of
dairy cattle with age continuously distributed over a
wide range and explicitly focusing on cows from herds
that were adapted for a long time to 2 distinct feeding
strategies. Age effects were corrected for different BW
and ECM yield in cows and for individual variability
Journal of Dairy Science Vol. 99 No. 5, 2016
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Table 3. Intake, eating and rumination behavior, as well as digestion characteristics, of heifers and cows subjected to different feeding regimens
[control (CTRL) and zero concentrate (0-CONC)], presented as arithmetic means for heifers1 and adjusted means and CI2 (in brackets) for cows
Heifers (n = 12)
Item
OM intake
kg/d
kg/100 kg of BW
NDF intake
kg
kg/100 kg of BW
Mean retention time (h)
Total DM in gut
kg/100 kg of BW
OM digestibility (%)
NDF digestibility (%)
Ruminal pH conditions
Mean ruminal pH
Time pH <6 (h)
Time pH <5.8 (h)
Eating
min/d
min/kg of DMI
min/kg of NDF intake
Chews per kg of DMI
Rumination
min/d
min/kg of DMI
min/kg of NDF intake
Chews per kg of DMI
Chews per bolus

Mean

Lactating cows (n = 15 each)

SE

CTRL

0-CONC

7.35
1.86

0.444
0.684

19.8
2.85

[19.2–20.5]
[2.75–2.95]

19.5
2.80

[18.8–20.2]
[2.69–2.91]

4.40
1.11
44.1

0.276
0.397
1.17

8.49
1.23
36.5

[8.06–8.92]
[1.17–1.29]
[34.7–38.3]

9.76
1.41
35.9

[9.40–10.12]
[1.36–1.46]
[33.6–38.0]

2.53
67.8
63.1

0.101
1.64
1.79

3.14
69.6
53.4

[2.97–3.31]
[68.3–70.9]
[50.6–56.1]

3.08
67.3
54.3

[2.90–3.27]
[65.9–68.7]
[51.8–56.7]

—
—
—

6.02
11.70
3.97

[5.88–6.16]
[5.40–17.97]
[0–8.73]

6.10
6.77
3.51

[5.95–6.25]
[0.07–13.46]
[0–7.91]

P-value3
0.489
0.490
<0.001
<0.001
0.619
0.640
0.024
0.568
0.393
0.140
0.877

270
36.3
67.2
2,492

13.3
3.74
7.29
270.8

293
13.6
35.9
881

[273–313]
[12.5–14.7]
[33.1–38.6]
[809–953]

303
15.0
34.2
978

[283–322]
[13.9–16.0]
[31.4–36.9]
[908–1,049]

0.476
0.076
0.371
0.055

407
54.0
100.0
4,425
65.3

15.4
4.28
8.56
456.8
2.91

399
17.3
45.1
1,197
53.5

[382–417]
[15.9–18.8]
[41.4–48.9]
[1,085–1,309]
[48.7–58.2]

405
19.2
42.0
1,281
55.8

[387–422]
[17.9–20.5]
[38.8–45.1]
[1,181–1,380]
[51.5–60.2]

0.676
0.023
0.129
0.207
0.364

1

Heifers from both feeding regimens are combined in the table, as they were fed the same diet and no differences between feeding regimens were
found.
2
Adjusted means (fitted values for feeding regimen levels keeping age, BW and ECM yield at their median) and 95% CI.
3
P-value of regression coefficient of feeding regimen.

in hay proportion in forage by including these variables
as covariates in the regression analysis. A limitation
of the present study is that there might have been an
unknown selection effect in the group of animals used
in the experiment. Animals with less favorable intake
and digestion characteristics might have had a greater
risk of being excluded from the herd in the course of the
selection decisions made on the farm. This might have
become more pronounced in cows that survived several culling decisions. Therefore, the oldest cows were
potentially taken from a preselected group of animals
with certain characteristics.
All age-dependent changes, such as increasing OMI,
MRT, changing fiber digestibility, and changing chewing behavior described above, were similarly expressed
in both feeding regimens (i.e., no significant interaction effect of age and feeding regimen was observed).
This was unexpected, because dietary fiber differed and
could have been more limiting for one than for the other
feeding regimen. It remains an open question whether
more contrasting diets would have had provoked different responses with age.
Journal of Dairy Science Vol. 99 No. 5, 2016

Age-Dependent Changes

Organic matter intake is a close reflection of nutrient
intake; results on DMI can be found in Grandl et al.
(2016). The known lower intake of primiparous compared with multiparous cows (e.g., Azizi et al., 2009;
Devries et al., 2011) was also observed in the present
study. However, the difference between first and later
lactations was rather small compared with other studies.
This might be due to the comparably high age (around
38 mo with 1 exception) of the primiparous cows, which
was the result of a deliberate breeding decision of the
experimental farm to fit alpine summer grazing into the
breeding scheme. A relatively larger rumen capacity in
mature compared with young animals (Allison, 1985;
Veiberg et al., 2009) might enhance feed intake and
could explain the observed increase in intake. However,
NDF intake was related to age in a curvilinear fashion,
showing a lower NDF intake in cows older than around
2,000 d, whereas OMI was still slightly increasing. As
NDF intake is likely more limited by physical regulation than overall OMI, the observed age effects might

Table 4. Regression coefficients for cows and their statistical significance for the analyzed target variables (all log-transformed)
Explanatory variable

OM intake (kg/d)
NDF intake (kg/d)
Mean retention time (h)
Total DM in gut (kg/100 kg of BW)
OM digestibility (%)
NDF digestibility (%)
Mean ruminal pH
Time pH <6 (h)
Time pH <5.8 (h)
Eating time
min/d
min/kg of DMI
min/kg of NDF intake
Eating chews per kg of DMI
Rumination time
min/d
min/kg of DMI
min/kg of NDF intake
Rumination chews/kg of DMI
Rumination chews per bolus

Age

−0.361
1.27***
−0.734
−0.0590
−2.30*
0.875
0.0801
−4.92
−0.460

—2
−1.59·10−3*
—
—
—
−0.0138**
—
—
6.93·10−4

9.71
1.35†
−1.71
97.5†

—
—
—
—

5.12
1.89*
−3.20
83.6
2.73

−1.24·10−4
5.56·10−3*
0.0173*
0.581**
0.0229*

log(Age)
1.90*
3.29*
7.96***
0.928***
2.15
28.8**
−0.250†
11.4†
—
−25.6
−3.58***
−6.64**
−245***
—
−14.8*
−39.5**
−1,402**
−52.4**

Reference level is the control feeding regimen.
Variable not included in the final regression model after the variable selection procedure.
***P < 0.001, **P < 0.01, *P < 0.05, †P < 0.10.

Age × regimen

log(BW)

ECM

Hay in forage

Adjusted
R2

Model
P-value

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

5.92
3.75*
−30.5**
−4.26***
−15.7*
−31.4*
—
—
—

0.279***
0.189***
−0.486*
—
—
—
0.0404*
−1.88*
—

—
—
26.0*
2.42**
—
33.7*
—
—
—

0.728
0.769
0.358
0.546
0.138
0.494
0.237
0.259
−0.181

<0.001
<0.001
0.007
<0.001
0.078
<0.001
0.153
0.136
0.922

—
—
—
—

—
—
—
—

0.407
0.376
0.184
0.400

<0.001
0.001
0.024
<0.001

−0.067
0.429
0.485
0.596
0.241

0.915
<0.001
<0.001
<0.001
0.017

—
—
—
−973†
—

—
—
−0.695
—
—

439***
11.3*
—
789*
—
—
—
—
—

2
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Figure 2. Observed values for cows and heifers and prediction lines for regression fits for heifers and cows (varying age but keeping BW,
ECM yield, and hay proportion in forage to the respective median) for traits related to nutrient intake and digestion characteristics. Symbol and
line shading indicate values and prediction lines for control (CTRL; open, light gray) and zero concentrate (0-CONC; solid, dark gray) animals.
Only one prediction line was drawn in case of P ≥ 0.10 for feeding regimen. No prediction line was drawn in case of P ≥ 0.10 for age. For cow
regressions, shaded areas represent 95% confidence bands, and thin dotted lines represent prediction lines for regression fits of regression models
within a difference <2 in Akaike information criterion value between the best and the respective model. The medians of heifer and cow data
were significantly (P < 0.001) different in the traits presented in a, b, c, d, e, f, and h (P < 0.01 for d).
Journal of Dairy Science Vol. 99 No. 5, 2016
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Figure 3. Observed values for cows and heifers and prediction lines for regression fits for heifers and cows (varying age but keeping BW,
ECM yield, and hay proportion in forage to the respective median) of traits describing eating and rumination behavior. Symbol and line shading
indicate values and prediction lines for control (CTRL; open, light gray) and zero concentrate (0-CONC; solid, dark gray) animals. Predictions
were illustrated by solid lines when regression coefficients for age and feeding regimen were significant at P < 0.05. Only one prediction line
was drawn in case of P ≥ 0.10 for feeding regimen. No prediction line was drawn in case of P ≥ 0.10 for age. For cow regressions, shaded areas
represent 95% confidence bands, and thin dotted lines represent prediction lines for regression fits of regression models within a difference <2
in Akaike information criterion value between the best and the respective model. The medians of heifer and cow data were significantly (P <
0.001) different in the traits presented b, c, e, f, g, and h.
Journal of Dairy Science Vol. 99 No. 5, 2016
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be due to differences in mouth or bite size or intake
behavior (Boudon et al., 2009). A smaller NDF intake
at increasing OMI might also result from a more active sorting against NDF containing feed particles in
more experienced animals. Miller-Cushon et al. (2013)
offered calves either a mixed diet or diet components
separately and found differences in sorting behavior
later on based on their previous experience. However,
the extent to which sorting experience continues or
even increases during lifetime is unclear, especially
considering the number of influences that contribute to
diet selection in farm animals (Forbes and Kyriazakis,
1995). Leonardi et al. (2005) and Devries et al. (2011)
reported even more active sorting for finer particles of
primiparous compared with multiparous cows, whereas
Leonardi and Armentano (2003) reported no effects of
parity but emphasized the large variability in sorting
between individuals. Ruminal pH conditions, which are
also known to influence feed intake (e.g., Owens et al.,
1998), did not influence OMI in the present study. The
pH measurements of the cows equipped with boluses
were within normal ranges and no age pattern was apparent. Maekawa et al. (2002b) also did not find differences in pH characteristics between primiparous and
multiparous cows.
Along with the increasing OMI, older cows also had
a longer MRT than younger cows. This is contrary to
reports in literature, where greater feed intake is often associated with decreasing MRT (e.g., Allen and
Mertens, 1988), but consistent with observations of
increasing gut fill in older animals (Veiberg et al., 2009,
Duarte et al., 2011), which had been computed in the
present study. A longer MRT usually facilitates a more
intensive nutrient degradation (Allen and Mertens,
1988). Still, the aD of OM did not increase with age
and the aD of NDF even decreased from the middle
of the observed age range onwards. Assuming an underlying fiber-dependent control mechanism for digesta
retention (Lund et al., 2007), it could be hypothesized
that the degradation of fiber is decreasing with age and
older cows compensate for reduced fiber degradation by
prolonged particle retention.
Heifers on the hay-only diet had, on average, approximately 7 h longer MRT than cows. This supports
the assumption that retention time is prolonged in the
presence of large amounts of fiber, but could also represent an effect of the heifers’ generally lower intake.
These longer MRT were also associated with a higher
NDF digestibility. Owing to their lower metabolic requirements, heifers do not need to use the full capacity
of their digestive system, whereas this capacity is used
to its maximum in lactating cows. This allowed the
heifers to consume feed with high fiber content and at
the same time reach a high aD of fiber.
Journal of Dairy Science Vol. 99 No. 5, 2016

Daily eating times were largely constant across the
observed age range. However, when related to intake,
the time spent for eating per unit of intake decreased
with age; this happened steeply in heifers and moderately in cows. Shorter chewing times per unit of feed in
multiparous compared with primiparous cows were also
observed by Dado and Allen (1994), whereas Maekawa
et al. (2002b) found a trend toward longer eating times
per DMI for multiparous cows. Maekawa et al. (2002b)
found no differences in rumination time per unit of feed
between heavier multiparous cows and lighter primiparous cows. However, rumination time per unit of intake
is dependent on the level of intake if the time that cows
can allocate to rumination is constant. This seems to
be the case in the present study and was also reported
by Bae et al. (1983). This would also explain the longer
time the heifers spent eating and ruminating per unit of
feed in comparison with the cows. Another reasonable
explanation for the heifers’ long chewing time per unit
of feed intake might be a regulation of chewing activity
by the level of fiber degradation. Thus, heifers on their
fiber-rich diet spent more time chewing and allocated
more chews per unit of feed compared with the cows.
The present results also showed that the youngest and
the oldest cows performed more chews per bolus and,
with that, chewed faster than cows in the middle of the
age range. Increasing the chewing rate (i.e., chews per
unit of regurgitated matter) could be a compensatory
mechanism to avoid a decline in aD of OM and fiber.
The development and wear stage of the teeth, which is
of importance for effective comminution of feed (PérezBarbería and Gordon, 1998), might explain part of
the variation with age observed. Tooth wear is highly
dependent on age (Fortelius, 1985); Pérez-Barbería and
Gordon (1998) proposed alteration of chewing activity as a possible compensatory mechanism that makes
up for changes in tooth effectiveness with age. Their
conceptual framework shows a curvilinear relationship
of chewing effectiveness with age, and thus corresponds
to the present findings in the rumination traits.
Effects of Feeding Regimen

In the heifers, no differences in intake and digestion
characteristics according to their feeding regimen origin
were observed. This indicates that the feeding regimen
effect found in the cows was actually an effect of the
diet and not an effect of selecting for cows adapted to
the respective feeding regimen. Such a potential effect
was also weakened by using the same sires for AI in the
breeding groups of the 2 feeding regimens.
For cows across both feeding regimens, OM and fiber
intake was in the range of other studies (e.g., Maekawa
et al., 2002b; Aikman et al., 2008; Zom et al., 2012). Al-
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though concentrate input was limited to a maximum of
5 kg/d (i.e., approximately 20–25% of DMI) for CTRL
cows and totally omitted in the 0-CONC cows, NDF
contents of the diets still only ranged between 36 to
48% owing to the comparatively low fiber content of the
forages. Therefore, the results from the current study
are likely to be comparable with other studies where, at
a similar energy density of the total diet, higher shares
of concentrate were used. The OMI, when corrected
for BW and ECM yield, was only numerically lower
in 0-CONC cows than in CTRL cows, thus confirming
that cows are able to compensate to a certain degree
a reduced concentrate intake by increasing forage consumption (Leiber et al., 2015). Higher proportions of
fiber in 0-CONC diets, which limit intake due to the
physical properties of fiber (Allen, 2000; Zom et al.,
2012), additionally explain a numerically lower OMI in
0-CONC cows. No clear relationship between the feeding regimen and the daily eating and rumination times
was found. In contrast, Robinson and McQueen (1997)
as well as Maekawa et al. (2002a) found that lower concentrate proportions in dairy cow diets prolonged daily
rumination and eating times. In relation to DM and
NDF intake, the 0-CONC cows spent the same time for
eating. This again indicates that cows allocated a certain amount of time to eating (here irrespective of diet
composition). The 0-CONC cows spent more time per
unit of DMI to ruminate, presumably because it takes
more effort to comminute the greater amounts of fiber
in the diet. In spite of that, no other rumination trait
showed a significant feeding regimen difference. A possible reason for this could be a greater chewing ability
or better adapted fiber-degrading rumen microbes in
cows that are used to consume only forage. A detrimental effect of concentrate on fiber-degrading microbes
due to shifts in pH levels is also well known (Mulligan
et al., 2002). However, ruminal pH remained well above
critical thresholds in the CTRL cows, indicating that
these cows were not deficient in effective fiber (Mertens,
1997). Additionally, greater shares of grass pellets were
used in the 0-CONC diet to partly replace the concentrate. Due to their short particle structure, these pellets
are more similar to concentrate than other forage in
terms of physical properties. Accordingly, Woodford
and Murphy (1988) found less rumination when alfalfa
haylage was replaced with alfalfa pellets.
CONCLUSIONS

In the present study, significant age effects were noted
in feeding, ruminating, and digestion characteristics in
dairy cattle. Older cows were able to ingest more yet
maintained digestion efficiency to a large extent and
seemed to adapt their eating and ruminating activity

3469

to their ability of fiber degradation. Additionally, older
cows appeared to select against fiber-containing particles. The reasons for several of these changes with
age still need to be explored in more detail, but could
include learning from experiences in feeding and ruminating behavior. There might also be anatomic changes
taking place, such as the changing morphology of the
teeth over time. The assumption that age effects could
be differently exhibited with different diet types was
rejected given the diets investigated. In general, diet
effects of the 2 feeding regimens on traits describing intake and digestion were less pronounced than expected,
possibly because forage quality was very high in the
present experiment. Overall, the current results support efforts to increase the length of the productive life
in dairy cows as, at least in the age range investigated,
no negative developments with age were found.
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