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Presentation today

• Where have we come from and where are we today?
• lessons from Dutch experiences 

• What is biologically achievable?
• defining biological limit of milk N efficiency

• How can nutrition move us closer to biological limit?
• nutritional strategies at rumen and post-rumen levels

• Can low-protein feeding be sustained long term?
• effects on production and health long term
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Nitrogen excretion dairy cattle and youngstock
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milk quotas lifted
~20% increase 
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More N in milk, less N with manure
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N excretion depends on more than dietary CP
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N intake is principal driver of N excretion, but...

Urine N (g/d):
20(20.0) + 0.38(0.039) N-intake

Prediction significantly better with 
energy intake included

Urine N (g/d):
48(20.1) + 0.56(0.030) N-intake 

− 71.4(12.20) ME-intake
N-intake, g/d

Metabolizable Energy (ME) intake, MJ/(kg0.75 d)

dairy cattle (n = 470)
Kebreab et al. (2010)
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Large variation in milk N efficiency

Nitrogen concentration in diet, gN/kg DM
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Large variation in milk N efficiency

Nitrogen concentration in diet, gN/kg DM
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Two herds with the same N intake can have very different 
N excretion because they differ in milk N efficiency

Kebreab et al. (2010)
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Key messages from Dutch perspective

• policies based on mineral accounting system central to 
reducing N excretion

• differences in milk N efficiency explain substantial 
variation in N excretion beyond N intake alone

► How high can milk N efficiency become?

Jan Dijkstra - Wageningen
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Presentation today

Where have we come from and where are we today?
• lessons from Dutch experiences 

► What is biologically achievable?
• defining biological limit of milk N efficiency

• How can nutrition move us closer to biological limit?
• nutritional strategies at rumen and post-rumen levels

• Can low-protein feeding be sustained long term?
• effects on production and health long term
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How much N is inevitably lost?

• Currently NL: milk N efficiency ~26% ► N loss ~2.8 × milk N
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• Currently NL: milk N efficiency ~26% ► N loss ~2.8 × milk N

• Theoretical maximum: milk N efficiency ~43% ► N loss ~1.3 × milk N
Full details: Dijkstra et al. (Int Symp Protein Energy Metabolism 2013)

How much N is inevitably lost?

potential reduction in N excretion is enormous

Jan Dijkstra - Wageningen
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N milkN urineN faecesSource unavoidable N loss

35Fermentation rumen

7113Microbial nucleic acids

37Undigested protein

1939Endogenous protein

13Maintenance cow

19836Milk production

19817489Total

43%Maximum N efficiency

Diet CP content: 120 g/kg DM
Reference cow:  40 kg milk/d, milk true protein content 32 g/kg

Dijkstra et al. (2013)

Zero N excretion is impossible in dairy cattle
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Milk production level and maximal N efficiency 
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Milk production level and maximal N efficiency 
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Milk N efficiency

40 kg milk/d:
Diet CP 120 g/kg DM
Milk N efficiency 0.43

25 kg milk/d:
Diet CP 110 g/kg DM
Milk N efficiency 0.42

10 kg milk/d:
Diet CP 85 g/kg DM
Milk N efficiency 0.36
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Key messages on maximal milk N efficiency

• maximum milk N efficiency depends on production level
• 36% at 10 kg FPCM/d 
• 43% at 40 kg FPCM/d

• ~60% inevitable N losses related to rumen microbial activity

• current milk N efficiency well below this biological maximum

► How can nutrition close this gap?

Jan Dijkstra - Wageningen
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Presentation today

Where have we come from and where are we today?
• lessons from Dutch experiences 

What is biologically achievable?
• defining biological limit of milk N efficiency

► How can nutrition move us closer to biological limit?
• nutritional strategies at rumen and post-rumen levels

• Can low-protein feeding be sustained long term?
• effects on production and health long term
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nitrogen < energy:
impaired rumen function

Balanced rumen N and energy supply
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Everything > 0 is excess

Sauvant et al. (2015)

Most excess rumen N is lost via urine

Jan Dijkstra - Wageningen
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Uncertainty creates a costly safety margin
Typical NL safety margin: 
• 200 to 300 g/d excess rumen degradable protein
• ~25 to 40 g/d urinary N
• 15 to 20% of average urinary N excretion

Sauvant et al. (2015)

Jan Dijkstra - Wageningen
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Balanced rumen N and energy supply

Rumen N requirements are not fixed
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Rumen N requirements are not fixed
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• optimal rumen N : energy supply ratio varies with fractional growth rate
• ↑  passage rate → ↑  microbial growth rate
High feed intake cows require more RDN per unit FOM

FOM: rumen fermentable organic matter
RDN: rumen degradable N
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Nitrogen source affects optimal rumen N:energy balance

RDP = 10.5% diet DM
linear effect P = 0.05
Broderick & Reynal (2009)

OMTDR: organic matter truly 
digested in rumen
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Nitrogen source affects optimal rumen N:energy balance

RDP = 10.5% diet DM
linear effect P = 0.05
Broderick & Reynal (2009)

OMTDR: organic matter truly 
digested in rumen

• ammonia-based microbial growth requires more energy than amino 
acid-based growth

• low-protein diets require a lower optimal RDN:FOM ratio
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Considerable N loss even at zero rumen N balance

~140 g urinary N/d remains 
at zero rumen N balance

Sauvant et al. (2015)
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Balanced protein and energy supply udder

amino 
acids

protein

NEFA
BHBA

acetate

TAG

glucose

glycerol
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Metabolizable protein efficiency depends on energy supply

‒20 MJ/d

‒10 MJ/d

+20 MJ/d
+10 MJ/d

0 MJ/d

n = 825
Daniel et al. (2016)

-20            -10             0               10              20
MP content [(g – 100) / kg DM]

MP response depends on NEL content
• higher NEL can offset lower MP, 

improving milk N efficiency

Relative NEL supply

MP: metabolizable protein
NEL: net energy for lactation

Jan Dijkstra - Wageningen
Fodringsdag 2026

Energy source affects milk N efficiency

GLUCOGENIC

• Starch-rich feedstuffs
• Ruminal propionate

LIPOGENIC

• Fibre-rich feedstuffs
• Fat supplements

calcium soaps; rapeseed

Jan Dijkstra - Wageningen
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Type of dietary carbohydrate at low or high dietary CP in diet DM
• starch (34.3 / 5.5 %) and fibre (32.5 / 49.1 %) (iso-energetic)
• crude protein (12.0 / 16.5%)
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low CP - starch
MNE = 32.3%

low CP - fibre
MNE = 30.5%

high CP - fibre
MNE = 24.3%

high CP - starch
MNE = 28.6%

MNE: milk N efficiency
Cantalapiedra-Hijar et al. (2014)

starch-rich (glucogenic) diets improve milk N efficiency

fibre
starch

Energy source affects milk N efficiency
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South EastNorth West

Diet ingredients (% DM)

813Grass herbage

3344Grass silage

2811Maize silage

3132Concentrate

191.4197.4N intake (kg/yr)

52.049.8N in milk (kg/yr)

27.225.2Milk N efficiency (%)

Practical example from Dutch dairy farming

2024; source: CBS

Jan Dijkstra - Wageningen
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Mammary flexibility in using individual amino acids

Milk protein yield limited by single amino acid?

Unlikely, because:
 mTOR pathway in ribosomal protein synthesis 
responds independently and additively to 
essential AA and energy compounds
 milk protein yield stimulated by mutually exclusive 
sets of essential AA
 equal losses in milk protein yield when individual 
AA are removed from duodenal essential AA 
supply

Cant et al. (2018)Jan Dijkstra - Wageningen
Fodringsdag 2026

Mammary flexibility in using individual amino acids

Milk protein yield limited by single amino acid?

Unlikely, because:
 mTOR pathway in ribosomal protein synthesis 
responds independently and additively to 
essential AA and energy compounds
 milk protein yield stimulated by mutually exclusive 
sets of essential AA
 equal losses in milk protein yield when individual 
AA are removed from duodenal essential AA 
supply

Cant et al. (2018)

example: equal stimulation with Arg+His and Lys+Met

example: omitting His, Met, or Phe decreased milk protein yield to a similar extent
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 Response to nutrient supplementation
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PhD thesis Nichols (2019) / J Dairy Sci
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  Mammary flexibility in using individual amino acids

Milk protein yield limited by single amino acid?

Additive and independent responses to nutrients

• size of leak depends on mix of nutrients

• plugging any crack may help: several amino acids 
offer opportunity for improvement

Jan Dijkstra - Wageningen
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   Key messages on nutritional strategies

Improving milk N efficiency requires more than reducing dietary protein

• balance N and energy supply in the rumen and after absorption

• the optimal balance is dynamic and depends on
• rumen microbial growth rate
• N source in rumen
• energy type and supply post-absorptively

• focus on nutrient balance rather than individual nutrients
• no unique first-limiting amino acid

► But can low-protein diets be sustained long term?

Jan Dijkstra - Wageningen
Fodringsdag 2026

Presentation today

 Where have we come from and where are we today?
• lessons from Dutch experiences 

 What is biologically achievable?
• defining biological limit of milk N efficiency

 How can nutrition move us closer to biological limit?
• nutritional strategies at rumen and post-rumen levels

► Can low-protein feeding be sustained long term?
• effects on production and health long term
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Impact of dietary protein level: full lactation

Law et al. (2009)
Source: Prof CK Reynolds

305 day yield 

High 9653 kg   Medium 9089 kg   Low 7435 kg

HML

173144114CP (g/kg DM)

170155123Milk N (g/d)

0.3250.3790.406N efficiency

Milk yield (kg/day)
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Impact of dietary protein level: full lactation

Law et al. (2009)
Source: Prof CK Reynolds

305 day yield 

High 9653 kg   Medium 9089 kg   Low 7435 kg

HML

173144114CP (g/kg DM)

170155123Milk N (g/d)

0.3250.3790.406N efficiency

Remarkably few long-term consequences beyond lower milk yield
• no effects on body reserves, metabolic status indicators (IGF-1, leptin, 

glucose, NEFA), fertility
• higher incidence of metritis at lowest CP level

estimated ~ 40% less ammonia emissions at CP 144 vs 173 g/kg DM

Milk yield (kg/day)
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Week of Lactation 3

HighMedLow

181614CP (% DM)

11610390MP-N (%)

10410095MP-E (%)

112107100MP (g/kg DM)

Univ Reading (UK)
Source: Prof CK Reynolds

Impact of dietary protein level: 3 full lactations

HighMedLow

181614CP (% DM)

11610390MP-N (%)

10410095MP-E (%)

112107100MP (g/kg DM)

25.5b29.5b31.5aN eff Lac 1 (%)

24.1c28.4b30.7aN eff Lac 2 (%)

24.3c28.4b31.1aN eff Lac 3 (%)

Univ Reading (UK)
Source: Prof CK Reynolds

Impact of dietary protein level: 3 full lactations
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HighMedLow

181614CP (% DM)

11610390MP-N (%)

10410095MP-E (%)

112107100MP (g/kg DM)

25.5b29.5b31.5aN eff Lac 1 (%)

24.1c28.4b30.7aN eff Lac 2 (%)

24.3c28.4b31.1aN eff Lac 3 (%)

Univ Reading (UK)
Source: Prof CK Reynolds

Impact of dietary protein level: 3 full lactations
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Few long-term consequences beyond lower
milk yield (’Low’) and improved N efficiency
• no effects on body condition score
• no effects on days to conception
• numerically lower survival at low CP

estimated ~ 25% lower ammonia emissions at 16% vs 18% CP

Stage specific protein supply: 1 full lactation

HCPMCPLCP

154a143b133cCP (g/kg DM)

Van Ruitenbeek et al. (unpublished)

• Identical basal diet
• CP differences achieved through 

low or high CP concentrate

Diet CP content (g/kg DM)
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HCPMCPLCP

154a143b133cCP (g/kg DM)

34.2a33.8a29.9bMilk (kg/d)

Van Ruitenbeek et al. (unpublished)

Stage specific protein supply: 1 full lactation

Milk yield (kg/d)

Jan Dijkstra - Wageningen
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measured ~ 20% lower urinary N excretion at 143 vs 154 g CP/kg DM

Van Ruitenbeek et al. (unpublished)

HCPMCPLCP

154a143b133cCP (g/kg DM)

34.2a33.8a29.9bMilk (kg/d)

31.9c33.2b34.8aN efficiency (%)

Stage specific protein supply: 1 full lactation

Milk N efficiency

Health, fertility and 2nd full lactation 
responses currently under analysis
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Van Ruitenbeek et al. (unpublished)

0

100

200

300

400

500

600

M
et

h
an

e 
p
ro

d
u
ct

io
n
 (

g
/d

)

LCP MCP HCP

0

5

10

15

20

25

M
et

h
an

e 
yi

el
d
 (

g
/k

g
 D

M
)

LCP MCP HCP

0

5

10

15

20

M
et

h
an

e 
in

te
n
si

ty
 (

g
/k

g
 F

PC
M

)

LCP MCP HCP

b
a a

Stage specific protein supply: 1 full lactation

environmental benefit specific to N excretion; 
methane yield and intensity essentially unaffected

Key messages from long-term low-protein studies

• Low-protein diets can be sustained over full lactation/lactations

• Very low CP supply may increase health and fertility risks

• Milk production is more sensitive to protein restriction than health or 
fertility

• Small or moderate reductions in dietary CP can substantially reduce 
N losses
• lower urinary N excretion and likely lower ammonia emissions

Jan Dijkstra - Wageningen
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The road ahead

• Consistent policy and farm-level monitoring are essential for 
reducing N excretion

• Milk N efficiency matters as much as N intake
• Current milk N efficiency remains well below its biological potential
• Improving N efficiency requires a dynamic balance between N and 

energy supply

• Move beyond the dogma of a unique first-limiting amino acid
• Moderate dietary protein reductions can be sustained over extended 

periods while substantially reducing N losses

Feed the right amount of protein, not the least amount of protein

thank you           - jan.dijkstra@wur.nl

scan for my 
personal page


