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increases net food production efficiency in dairy cows

Johanna Karlsson,' Rolf Spoérndly, Mikaela Lindberg, and Kjell Holtenius
Department of Animal Nutrition and Management, Swedish University of Agricultural Sciences, Box 7024, SE-750 07 Uppsala, Sweden

ABSTRACT

Global demand for food is increasing, and use of
large amounts of potentially human-edible feedstuffs
for dairy cows is an important concern. The present
study examined whether feeding a by-product-based
concentrate combined with high-quality grass silage to
high-producing dairy cows affected feed intake and milk
production compared with a conventional diet, as well
as the effect on efficiency of human food production.
In a changeover experiment with four 21-d periods,
24 dairy cows in mid-lactation were offered 9.6 kg of
dry matter per day with 1 of 4 concentrates and high-
quality grass silage ad libitum. The control concentrate
was based on cereal grain (wheat, oat, and barley) and
soybean meal, whereas the 3 by-product-based concen-
trates contained sugar beet pulp in combination with
mainly heat-treated rapeseed meal, distillers grain,
or a mixture of both. All diets were formulated to be
isoenergetic and isonitrogenous. The cows had 10-fold
higher starch intake when fed the control diet than
when fed the by-product-based concentrates. Silage
intake (13 kg of dry matter/d) and milk production
(33 kg of energy-corrected milk/d) were not affected
by the change in diet. Therefore, replacing cereals and
soybean meal with human-inedible by-products in a
high-quality forage diet to dairy cows increased net
food protein production substantially without lowering
milk production.

Key words: forage, distillers grain, rapeseed meal,
sugar beet pulp

INTRODUCTION

Agriculture, forestry, and other land uses contribute
24% of total global greenhouse gas emissions (IPCC,
2014). Agriculture uses 38% of the planet’s ice-free land
and is the major contributing factor to biodiversity
loss, eutrophication, and water use (Foley et al., 2011).
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Reducing on-farm, storage, and retail waste has been
suggested as a strategy to increase agricultural resource
efficiency and, thus, food availability (Foley et al.,
2011). A way to reduce waste and increase efficiency
could be to challenge existing feeding regimens, where
large volumes of human-edible products such as cereal
grain (CG; wheat, oat, and barley) and soybean meal
(SBM) are fed to dairy cows in intensive production
systems (Eisler et al., 2014).

According to FAO (2011), future increases in demand
for livestock products will occur due to a growing hu-
man population and a greater per capita income. As
limited possibilities exist to increase the area of arable
land, the increase has to rely on an increase in crop
yield per hectare. Interests that compete for existing
arable land include food, feed, and fuel. With more
than 70% of global agricultural land already being
used to produce feed for livestock (FAO, 2009), using
human-inedible products as animal feed is becoming
increasingly important. One option to produce high-
quality food more efficiently is to increase the use of
by-products from the human food, fiber, and bio-fuel
industries in the diet of dairy cows at the expense of
human edibles.

Wilkinson (2011) concluded that dairy production
is the most efficient animal production system in the
United Kingdom based on the ratio of human-edible
input to output. The term net food production (hu-
man-edible output minus human-edible input) was in-
troduced by Ertl et al. (2016) to produce a value based
on the same input as for human-edible feed conversion
efficiency calculated as output-to-input (HeFCE). By-
product-based concentrates increase net food produc-
tion of dairy products compared with CG and pulses in
organic production (Ertl et al., 2015, 2016). Net food
production and HeFCE are features related to gross
energy (GE) and CP. However, estimations of the net
production of human digestible EAA by cattle might be
a more precise measure (Patel et al., 2017a).

The effects of different feeds on milk production
in dairy cattle have been compared in many studies.
Numerous by-products are available globally. The by-
products rapeseed meal (RSM), dried distillers grains
with solubles (DDGS), and sugar beet pulp (SBP)
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were selected in the present study and are commonly
used ingredients in many dairy cow diets, but usu-
ally in combination with CG. Previous studies have
investigated the effect on milk production and feed
intake of replacing protein feed SBM with either RSM
(Huhtanen et al., 2011; Martineau et al., 2013) or
DDGS (Schingoethe et al., 2009). The effect of partly
replacing CG with SBP as a nutrient source for dairy
cows has also been studied (Bhattacharya and Sleiman,
1971; Voelker and Allen, 2003; Whelan et al., 2017).
However, studies of complete removal of starch-rich CG
from the diet of high-yielding dairy cows are apparently
rare. Therefore, the present study examined whether
feeding a by-product-based concentrate combined with
high-quality grass silage to high-producing dairy cows
affected feed intake and milk production compared with
a conventional diet and whether it altered the efficiency
of human food production.

MATERIALS AND METHODS

The study was conducted at the Swedish Livestock
Research Centre, Uppsala, Sweden, from November
2015 to February 2016. The study was approved by

the Uppsala Ethics Committee for Animal Research,
Uppsala, Sweden (diary number C98/15).

Experimental Design and Animals

The study included 12 multiparous and 12 primipa-
rous dairy cows in mid-lactation [on average 85 DIM
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(SD = 13) at the start of the study] of the breeds Swed-
ish Holstein (n = 8) and Swedish Red (n = 16). Cows
were housed in an insulated loose housing barn. The
experimental design was a changeover study with 4 di-
etary treatments and 4 periods. The cows were blocked
by breed and parity, and then randomly assigned to the
4 treatment groups (6 cows per group). At the start of
the study, average daily milk yield was 38.6 kg (SD =
8.5), average BW was 644 kg (SD = 67), and average
BCS (Edmonson et al., 1989) was 3.4 (SD = 0.3). Each
of the 4 experimental periods lasted for 3 wk. The first
2 wk in each period were used for adaptation to the
feed and the last week was used for data collection and
sampling. After the end of each experimental period,
the groups changed treatment and the concentrate was
changed gradually during the first 4 d in each adapta-
tion period.

Diets and Feeding

Chemical composition of silage and concentrates is
shown in Table 1. All cows had free access to grass
silage. The silage was preserved in round bales and fed
as a mixture of two-thirds first cut and one-third sec-
ond cut of a perennial grass sward of timothy (Phleum
pratense L.), perennial ryegrass (Lolium perenne L.),
tall fescue hybrid (Festulolium pabulare), and tall fescue
(Festuca arundinacea Schreb.).

The 4 different concentrates were CG-SBM (control),
SBP-DDGS, SBP-RSM, and SBP-RSM-DDGS (by-
product treatments; Table 2). The concentrates were

Table 1. Chemical composition' (means + SD) of the grass silage and concentrate used in diets fed to dairy cows (g/kg of DM, unless otherwise

stated)
Sugar beet pulp,

Cereal grain, Sugar beet pulp, Sugar beet pulp, rapeseed meal,

soybean meal distillers grain rapeseed meal distillers grain
Ttem Silage (CG-SBM; control) (SBP-DDGS) (SBP-RSM) (SBP-RSM-DDGS)
DM, g/kg 437 £ 8 882 + 4 872 + 1 877+ 1 877 £ 6
CP 132 +£1 187 £ 7 192 £ 2 187 £ 2 187 £ 6
Ether extract 23+ 0 5 +1 79 + 2 71+ 3 71+ 2
NDF 460 + 2 144 £ 8 320 £ 5 339 + 3 338 £ 6
Ash 90 £ 2 75 £ 2 61 £1 58 £ 2 56 £ 2
Starch ND? 415 + 16 40 + 4 38 £1 34 £3
WSC? 47+ 2 ND ND ND ND
Ammonia-nitrogen 1+0 ND ND ND ND
VFA 44 + 4 ND ND ND ND
Ethanol 5+1 ND ND ND ND
Calcium 4.1 £0.1 12.7 £ 0.3 5.7+ 0.1 6.7 £ 0.1 59+ 0.1
Potassium 29.1 £ 0.2 8.8 £ 0.3 8.9+ 0.0 8.8+ 0.1 8.9+ 0.1
Magnesium 1.1 £0.0 4.0+ 0.1 4.3 +£0.0 3.7+ 0.1 3.7+ 0.1
Phosphorus 2.9 £ 0.0 4.3 +0.1 4.7 £ 0.0 50+ 0.1 50+ 0.2
Sodium 2.0+ 0.6 3.8+ 0.2 1.9 £0.2 0.8 4+ 0.0 1.5 £ 0.0
ME, MJ/kg of DM 11.3 13.3 13.3 13.2 13.2

Four samples of each feed were analyzed for chemical composition.
*Water-soluble carbohydrates (WSC).
3ND = not determined.
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Table 2. Ingredients in the dairy cow diets and estimated proportion of human edibles according to Wilkinson (2011)

Cereal grain,

Sugar beet pulp,

soybean meal Sugar beet pulp, Sugar beet pulp, rapeseed meal, Human
Ingredient, g/kg of (CG-SBM; distillers grain rapeseed meal distillers grain edible
fresh matter Forage control) (SBP-DDGS) (SBP-RSM) (SBP-RSM-DDGS) proportion
Grass silage 1,000 ! 0.0
Wheat — 230 — — — 0.8
Barley — 230 — — — 0.8
Oats — 230 — — — 0.8
Soybean meal — 202 — — — 0.8
Sugar beet pul};)2 — — 506 530 501 0.2
Rapeseed meal’ — — — 302 168 0.2
Distillers grain* — — 360 — 150 0.2
Wheat bran — — 36.8 72.4 80.0 0.2
Limestone, ground — 30.3 3.0 — — 0.0
Feed fat? — 21.0 36.8 42.2 39.8 0.2
Feed fat® 2.2 0.2
Molasses — 20.0 20.0 20.0 20.0 0.2
Salt — 10.0 — — — 0.0
Palm kernel expeller — 9.7 30.0 30.0 40.0 0.2
Green meal pellet — 8.1 — — — 0.0
Minerals’ — 3.8 1.9 — — 0.0
Magnesium oxide — 3.6 2.1 0.9 — 0.0
Premix® — 2.0 2.0 2.0 2.0 0.0
Human edible proportion 0 0.72 0.20 0.20 0.20

"No inclusion.
*Dried with no inclusion of molasses (Nordic Sugar AB, Eslov, Sweden).

3Solvent-extracted and heat-moisture treated rapeseed meal with low levels of glucosinolates and erucic acid (ExPro, AAK Sweden AB,

Karlshamn, Sweden).

1Fiber and yeast cells from ethanol manufacturing (Agrow Drank 90, Lantmiinnen Agroetanol, Norrképing, Sweden).

Fatty acids (99% fat; 45% C16:0, 37% C18:1).
SFatty acids (99% fat; 40-55% C16:0, 40-55% C18:0, max 8% C18:1).

"Containing 23% P, 16% Ca, and 1% Mg (Bolifor MCP-F, Yara International ASA, Oslo, Norway).

®Containing minerals, vitamins, and trace elements.

pelleted and fed individually in concentrate dispensers
(FSC400, DeLaval International AB, Tumba, Sweden),
restricted to 7.8 kg of DM per day. All cows were also
offered 1.7 kg of DM/d of concentrate by dispensers
in the milking station. However, the dispensers in the
milking station could only handle 2 different feeds;
therefore, SBP-RSM-DDGS was given to all cows
except the cows in the CG-SBM treatment when fed
in the milking station. In total, the cows were given
9.6 kg of DM/d of concentrate. When designing the
concentrates we were aiming for balancing content of
CP and ME.

Recordings and Sampling

Individual daily forage intake was recorded auto-
matically (CRFI, BioControl Norway As, Rakkestad,
Norway), as was daily concentrate intake (DelPro,
DeLaval International AB). Forage intake equipment
was calibrated weekly, and concentrate feeding sta-
tions were calibrated before the start of the experiment
and monthly thereafter. The cows were automatically
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weighed every time they passed through a sorting gate
when leaving the feeding area, and mean daily BW was
recorded (AWS100, DeLaval International AB). The
weighing scale was calibrated before the start of the
experiment. Mean BW per period and at the start of
the experiment was calculated from the recordings of
BW during the sampling weeks and in the week before
the experiment started, respectively. Body condition
scoring was performed automatically with a 3-dimen-
sional camera (DeLaval International AB) every time
the cows left the milking station. The daily score from
the last day of each experimental period was used in
the present study, together with the daily score from
the day before the experiment started as initial BCS.
Silage was sampled 5 times a week, whereas the con-
centrates were sampled once a week, and both were
pooled within period for analysis of chemical composi-
tion. All feed samples were collected in plastic bags
and stored at —20°C until analysis. Spot samples of
feces for estimation of digestibility were collected once
a day on 3 consecutive days in each sampling period.
The feces were stored at —20°C until pooled per period
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and analyzed. The cows were milked voluntarily in a
single-station automatic milking system (VMS, DeLa-
val International AB) with the FeedFirst cow traffic
system, which resulted in 2.5 milkings per day (SD =
0.6). The system used for identifying the individual
cows was certified by the International Organization
for Standardization (Geneva, Switzerland). At each
milking, the milk yield was recorded. Milk sampling
was carried out at all milkings for 24 h in the middle
of the sampling week in each experimental period. The
equipment used for milk sampling and measuring milk
yield was certified by the International Committee for
Animal Recording (Rome, Italy). Milk samples were
preserved with bronopol, stored at 8°C and analyzed
within 3 d.

Chemical Analysis and Calculations

All analyses were performed by the laboratory at the
Department of Animal Nutrition and Management,
Swedish University of Agricultural Science, Uppsala,
Sweden. The DM content of the forage was determined
by first drying at 60°C overnight, ground, and then at
60°C overnight according to Akerlind et al. (2011). The
DM content of the concentrate was determined by dry-
ing at 103°C overnight, whereas the DM content of the
feces was determined by freeze drying. Ash content for
feeds and feces was determined by ignition at 550°C for
3 h. All feeds and feces samples were also analyzed for
acid-insoluble ash (ATA) according to Van Keulen and
Young (1977). Feeds and feces were analyzed for CP
by an automated Kjeldahl procedure (Foss, Hillergd,
Denmark) and ether extracts according to Commission
Directive 98/64/EC (European Economic Community,
1998). The concentrates were analyzed enzymatically
for starch (including maltodextrin) according to Lars-
son and Bengtsson (1983). Both feed and feces were
analyzed for NDF according to Chai and Udén (1998),
and silage was analyzed for water-soluble carbohy-
drates according to Larsson and Bengtsson (1983). The
silage samples were pressed and the silage juice was
analyzed for pH, ammonia-nitrogen, VFA, and ethanol.
Ammonia-nitrogen was analyzed according to Broder-
ick and Kang (1980), whereas VFA and ethanol were
determined according to Ericson and André (2010).
Metabolizable energy content in the concentrates was
calculated from tabulated values according to the Swed-
ish Board of Agriculture (SJVFES, 2011). Metabolizable
energy content in the silage was estimated by the 96-h
in vitro digestible OM (VOS) method, as described by
Alkerlind et al. (2011):

ME (MJ/kg of OM) = 0.160 x VOS (%) — 1.91.
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Metabolizable energy was then converted to megajoules
per kilogram of DM. The samples of feces were thawed
and then pooled into 1 sample per cow and period. The
pooled samples were again stored at —20°C until freeze-
dried, milled, and analyzed for DM, ash, NDF, CP, and
ATA. The total amount of feces was calculated from the
total intake of AIA and the content of AIA in the feces
(Van Keulen and Young, 1977). Apparent organic mat-
ter digestibility was calculated from estimated intake
and excretion of OM from feed and feces as (OMjq
— OMeees)/OMeq. Similarly, apparent digestibility of
NDF and CP were calculated. The calculations were
based on feces samples taken once daily on 3 consecu-
tive days and intake data from the 3 feces sampling
days and the preceding day. Milk samples were ana-
lyzed for composition of fat, protein, and lactose by
infrared Fourier transform spectroscopy (CombiScope
FTIR 300 HP, Delta Instruments B.V., Drachten, the
Netherlands). Milk composition data from the 24-h
samplings were weighed to obtain a daily mean for each
cow and period. Energy-corrected milk was calculated
based on fat, protein, and lactose content. Gross energy
content in megajoules of the milk was estimated as 3.14
times ECM (Sjaunja et al., 1990). Energy intake was
calculated in the NorFor system (Volden and Nielsen,
2011).

The proportion of potential human edibles in feeds
was calculated according to the broad classification of
Wilkinson (2011). Sugar beet pulp, feed fat, and mo-
lasses were categorized as other by-products, with an
estimated human-edible proportion of 0.2 (Table 2).
Human-edible feed conversion efficiency for CP and
GE was calculated as the human-edible content in the
milk that the cows produced divided by the potential
human-edible content of the feeds that the cows con-
sumed. Net food production (as MJ of GE/d and kg
of CP/d) was calculated as the human-edible content
in the milk minus the potential human-edible amount
in the feed consumed, according to Ertl et al. (2016).
Data on the GE content of the feedstuffs were retrieved
from the Feedipedia database (INRA et al., 2016) and
data on the GE content of milk from the nutritional
database of USDA (2016). Amount of human-digestible
essential amino acids (HDEAA) was calculated ac-
cording to Patel et al. (2017a). Calculations of HDEAA
were based on AA concentrations and their true ileal
digestibility in pigs (CVB Feed Table, 2011). True ileal
digestibility of AA in pigs can be used when values in
humans are not available (FAO, 2013). For all produc-
tion efficiency calculations, only the feed consumed and
the milk produced during the experimental period were
considered, whereas the feed for rearing the cows to
reproductive age and the meat produced from the cows
were not considered.

Journal of Dairy Science Vol. 101 No. 8, 2018
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Table 3. Treatment effects on daily intake and digestibility for the 4 different concentrates (LSM with SEM and P-value)

Diet ! P-value
CG-SBM
Ttem (control) SBP-DDGS SBP-RSM SBP-RSM-DDGS SEM Treatment
Intake, kg/d
Silage, DM 13.3 12.8 13.2 13.9 0.57 0.202
Total DM 22.9 22.4 22.7 23.5 0.57 0.202
OM 20.9 20.6 21.0 21.7 0.52 0.157
NDF 7.49¢ 3.96" 9.29" 9.64" 0.26 <0.001
CP 3.54 3.53 3.53 3.63 0.08 0.413
Ether extract 0.83° 1.06° 0.99" 1.01° 0.01 <0.001
Starch 3.96 0.38 0.36 0.32 NE? NE
Energy, MJ of NE;/d 153 147 147 151 3.0 0.053
Digestibility, %
OM 71.6" 71.1° 69.9" 70.1" 0.43 0.001
NDF 57.2° 66.4" 65.2" 65.4" 0.85 <0.001
CP 67.6" 62.0° 61.3" 60.8" 0.81 <0.001

*“Means within rows with different superscripts differ significantly (P < 0.05).
'CG = cereal grain; SBM = soybean meal; SBP = sugar beet pulp; DDGS = distillers grain; RSM = rapeseed meal.

*NE = not estimated.

Statistical Analyses

The data were analyzed by PROC MIXED in SAS
(version 9.4, SAS Institute Inc., Cary, NC) using a
changeover model with the effects of treatment, period,
order, and cow as random variable. The model was

Yip = p + Bi + G(Bi) + P + T1 + iy,

where Y is the dependent variable, p is the overall
mean, B; is the effect of block i, Cj(B;) is the effect of
cow j within block i, Py is the effect of period k, T) is
the effect of treatment 1, and ¢34 is the random error.
All interactions were estimated, but were removed from
the final model because they were not significant. Dif-
ferences were considered significant at P < 0.05. The
entire herd was infected by bovine respiratory syncytial
virus during the sampling week in period 3. Three cows
in the study were housed separately during that week,
and therefore all data on those 3 animals (2 on treat-
ment SBP-RSM, 1 on SBP-RSM-DDGS) in period 3
were removed from the statistical analyses.

RESULTS

The content of starch was lower and the content
of NDF was higher in the by-product-based concen-
trates compared with the control CG-SBM (Table 1).
The content of CP was 5 g/kg of DM higher in the
concentrate SBP-DDGS compared with the other con-
centrates. All cows, regardless of treatment, consumed
their concentrate ration. As can be seen from Table 3,
silage intake did not differ between treatments; how-
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ever, starch intake was about 10-fold higher for the
CG-SBM concentrate than for the by-product-based
concentrates, whereas NDF intake was lower for the
CG-SBM concentrate than for the by-product-based
concentrates. The RSM-containing diets had lower OM
digestibility and the by-product-based diets had higher
NDF and lower CP digestibility compared with the
control diet (Table 3).

Milk from cows fed the control diet (CG-SBM) had
the lowest fat and highest lactose content, whereas
cows fed SBP-DDGS produced lower yields of protein
(Table 4). No differences in yield of milk and yield of
ECM were observed among the different treatments.
We found no differences in the effect of the different
diets on cow BW or BCS.

The control diet CG-SBM was less efficient in terms
of HeFCE and net food production compared with the
by-product-based diets (Table 5). The net production
of human-edible CP and gross energy was negative in
the control diet. The SBP-DDGS diet showed the high-
est efficiency of net production of HDEAA (Figure 1).

DISCUSSION

We investigated the effects on performance and feed
efficiency traits when high-yielding dairy cows were fed
diets based on by-products and forage compared with
a conventional concentrate mixture based on CG-SBM
together with forage. The results suggested that total
food production can increase if dairy cows are fed by-
products compared with conventional concentrate.

Sustainable feeding strategies in dairy production can
be compared in different ways. One way is to calculate
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Table 4. Mean treatment effects on daily yield of milk, ECM, milk components, and milk composition for the 4 different concentrates (LSM

with SEM and P-value)

Diet' P-value
CG-SBM
Item (control) SBP-DDGS SBP-RSM SBP-RSM-DDGS SEM Treatment
Yield, kg/d
Milk 32.1 30.8 32.0 31.9 0.90 0.059
ECM 33.1 32.4 33.7 33.3 0.88 0.170
Fat 1.36 1.39 1.42 1.40 0.04 0.457
Protein 1.09" 1.02° 1.08" 1.07* 0.03 0.015
Lactose 147" 1.40° 1.46" 1.45" 0.04 0.003
Concentration, %
Fat 4.27 457 447" 4.46" 0.10 0.029
Protein 3.42 3.35 3.38 3.39 0.05 0.237
Lactose 4.59" 4.55" 4.54" 4.53" 0.03 0.004
*"Means within rows with different superscripts differ significantly (P < 0.05).

'CG = cereal grain; SBM = soybean meal; SBP = sugar beet pulp; DDGS = distillers grain; RSM = rapeseed meal.

“Calculated according to Sjaunja et al. (1990).

the feed conversion efficiency (kg of ECM divided by kg
of DMI) to find the most efficient production. We found
no differences in feed conversion efficiency between the
treatments in the present study (Table 5). However,
with this approach, no consideration was given to what
the animals are fed, only how much. Another way to
compare diets from a sustainability point of view is
to estimate the amount of human edibles produced
in comparison with the amount of human edibles fed
(Wilkinson, 2011; Ertl et al., 2016; Patel et al., 2017a).
Diets based on forage and by-products normally score
high when examining production efficiency for human
edibles, and this was also the case in the present study,
where the by-product-based diets had higher net food
production and HeFCE for both energy and protein
than the control diet (Table 5). Hence, in relation to

the input, diets with by-product-based concentrates
generate higher net production of human-edible protein
and energy than conventional concentrates based on
CG and SBM. The efficiency was low on the control
diet, even though the cows consumed almost 60% for-
age, which is assumed not to contain any human edibles
at all. The control diet actually generated negative net
food production values.

The cows on diets with by-products as concentrate
produced as much milk as the cows fed conventional
concentrate based on CG-SBM, and we observed no
differences in silage intake and DMI between the diets.
This is in agreement with findings in several previous
studies comparing CG or SBM, or both, to different
by-products, such as SBP and wheat bran (Dann et al.,
2014; Ertl et al., 2016), DDGS (Anderson et al., 2006),

Table 5. Effect of treatment on the efficiency parameters feed conversion efficiency, human edibles efficiency, and net food production (LSM

with SEM and P-value)

Diet’ P-value
CG-SBM
Item (control) SBP-DDGS SBP-RSM SBP-RSM-DDGS SEM Treatment
Feed conversion efficiency, 1.46 1.47 1.51 1.44 0.05 0.319
kg of ECM?/kg of DMI
HeFCE®
CP, kg/kg edible 0.73" 2.56" 2.63" 2.68" 0.06 <0.001
Energy, MJ /MJ edible® 0.54" 1.62° 1.67" 1.66* 0.04 <0.001
Net food production
CP, kg/d —0.387" 0.624" 0.667" 0.671" 0.03 <0.001
Energy, MJ/d* —71.7° 31.8" 34.5" 33.7" 2.2 <0.001

**Means within rows with different superscripts differ significantly (P

< 0.05).

ICG = cereal grain; SBM = soybean meal; SBP = sugar beet pulp; DDGS = distillers grain; RSM = rapeseed meal

*Energy-corrected milk, calculated according to Sjaunja et al. (1990).
*Human-edible feed conversion efficiency (HeFCE).
*MJ of gross energy.

Journal of Dairy Science Vol. 101 No. 8, 2018
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Figure 1. Estimated balance of net production of human-digestible EAA from milk produced minus human-edible feeds fed (g/d) for different
diets: cereal grain, soybean meal (CG-SBM), sugar beet pulp, distillers grain (SBP-DDGS), sugar beet pulp, rapeseed meal (SBP-RSM), and

sugar beet pulp, rapeseed meal, distillers grain (SBP-RSM-DDGS).

or RSM and DDGS (Maxin et al., 2013). In the control
diet in the present study, SBM was the main protein
source in the concentrate. In the by-product-based
concentrates, RSM or DDGS, or both, mainly contrib-
uted to the protein content. Based on meta-analyses,
Huhtanen et al. (2011) and Martineau et al. (2013)
concluded that milk production is usually greater in
cows fed a diet containing RSM compared with other
protein sources, such as SBM. However, in the present
study, no differences in milk production were observed
between the treatments. In contrast, Anderson et al.
(2006) reported higher milk and ECM yields on a diet
with DDGS compared with SBM.

Cows that were fed a by-product-based diet consumed
<0.4 kg of starch/d, whereas cows fed the control diet
consumed about 10-fold more starch (4.0 kg/d; Table
3). When fed the by-product diets, the cows consumed
around 40% NDF in total DM and produced equal
amounts of milk to cows fed the control diet (33% NDF
in total DM, based on Table 1 and Table 4). Whelan et
al. (2017) also fed concentrates with by-product, starch,

Journal of Dairy Science Vol. 101 No. 8, 2018

and NDF contents similar to those in the present study
and saw no effect on feed intake or milk production in
a pasture-based system. Moreover, replacing starch rich
grain with fiber-rich by-products in dairy cows diets
would reduce the risk of acidosis (Krause and Oetzel,
2006). Around 25% of the DM in the by-product-based
concentrates in the present study were not accounted
for in the chemical analyses. In contrast, only around
17% of DM was not accounted for in the control con-
centrate CG-SBM. The by-product-based concentrates
had a SBP content of 50 to 53% of DM (Table 2),
which provides ruminants with rumen-fermentable car-
bohydrates other than starch (Chase, 2007). Most of
the unknown compounds in the by-product-based con-
centrates were probably pectin and other carbohydrate
sources that were not included in the NDF fraction of
the feed (Udén, 2017).

No differences were observed in yield of ECM or in
the concentration of protein in the milk, as in previous
studies (Maxin et al., 2013; Dann et al., 2014; Ertl et
al., 2016); however, the present study lacks by power to
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identify treatment effects on yield below 2 kg of ECM.
The concentrate proportion in the diets of the present
study was 40%. It cannot be excluded that the results
would have been different if the cows were offered a
higher concentrate proportion. The overall level of ECM
yield in the present study was higher than in the stud-
ies by Maxin et al. (2013) and Ertl et al. (2015, 2016);
this could be explained by lactation stage, breeds, or
different nutritional factors. Interestingly, previous cal-
culations of HeFCE for protein showed that lower milk
production gave higher protein conversion efficiency for
all diets compared (Swensson et al., 2017). Similarly,
Patel et al. (2017a) found that a low-yielding and more
extensive dairy production system was also the most
efficient with regard to both protein and EAA. As for
some other sustainability aspects of milk production,
relatively high production levels are desirable, as this is
one of the most effective ways to reduce, for example,
methane emissions per kilogram of product (Hristov
et al., 2013). However, high-fiber diets could lead to
greater enteric methane production and a higher fat
concentration in the milk as a result of increasing pro-
portions of acetate at fermentation (Van Soest, 1994).
However, methane emissions from enteric fermentation
is far from the only impact dairy cows have on the envi-
ronment. Under Swedish conditions feed production for
cattle cause a greater impact on greenhouse gas emis-
sions than enteric fermentation (Flygsjo et al., 2011).
Moreover, land use (m?/kg of DM) is generally lower
for different by-products than for crop grown solely as
feed because the land area is allocated between both
main crop and by-products (Henriksson et al., 2014).

We noted an overall effect of diet on milk fat concen-
tration, but the milk fat concentration was significantly
higher relative to CG-SBM only for cows consuming
the SBP-DDGS diet (Table 4), although the differences
in fat concentration did not cause significant differences
in fat yield or ECM. Relative to other studies (Aguerre
et al., 2011; Sterk et al., 2011; Argov-Argaman et al.,
2014; Patel et al., 2017Db), greater differences in fat pro-
duction might have been expected considering the large
differences in NDF and starch content between the
control diet and the by-product-based diets. However,
in other studies, no effect on milk fat concentration
was observed when replacing CG or SBM with different
by-products (Anderson et al., 2006; Maxin et al., 2013;
Dann et al., 2014; Ertl et al., 2016; Mutsvangwa et al.,
2016). Although the diet with DDGS as the main pro-
tein source generated a higher milk fat concentration,
daily milk fat yield did not differ due to numerically
lower milk production among cows fed the diet with
SBP-DDGS concentrate.

Cows on the control diet consumed more human-
edible protein and energy than they produced in the
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milk because SBM and CG are considered high-quality
protein and energy sources for humans. When compar-
ing the net production of separate HDEAA, the diet
with SBP-DDGS improved protein quality the most,
as DDGS has low protein quality relative to SBM and
RSM (Figure 1). Overall, the control diet with CG-
SBM concentrate was found to be the least efficient
with regard to improving protein quality, and actually
showed negative HDEAA net production values for iso-
leucine, tryptophan, and methionine + cysteine. One
could argue that it is more sustainable to feed SBM
and CG directly to humans instead of feeding it to ani-
mals and losing net production of human-edible protein
and HDEAA. Not all sustainability aspects were taken
in consideration when comparing sustainable feeding
strategies from a human-edible perspective, but the
current study is an important first step. Future studies
should cover other sustainability aspects; for example,
using life cycle assessment and land use ratio (Van
Zanten et al., 2016).

CONCLUSIONS

Replacing CG and SBM with SBP in combination
with RSM, DDGS, or RSM and DDGS in the diet of
high-yielding dairy cows in mid-lactation did not affect
feed intake or milk production when fed together with
high-quality grass silage. As expected, the efficiency
of human food production was substantially higher on
replacing CG and SBM with the human-inedible agri-
cultural by-products used in the present study.
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