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SUPPLEMENTAL MATERIAL 

Depiction of herd dynamics 

All herds (ℎ, being cows, heifers, calves) are differentiated by age and sex (elements of the set 

ℎ), breeds (𝑏, being Holstein and the beef breed), feeding regime (𝑓) and month (𝑚) in a year 

(𝑡), which is fixed to a single year in the underlying analysis.  

Each animal in a herd is described by the same herd average characteristics for values such as  

The current size of a standing herd 𝛼 summed up over all feeding regimes is defined as the 

number of animals that enter the herd at the beginning of the production process 𝑁, subtracted 

by the leaving ones 𝐾 (see Equation 1). 

∑ 𝛼ℎ,𝑏,𝑓,𝑚,𝑡

𝑓

= 𝑁ℎ,𝑏,𝑚,𝑡 − 𝐾ℎ,𝑏,𝑚,𝑡 

A production process (and the corresponding herd) may refer to a fattening phase or a 

performance group. The heifers are differentiated by a minimum of two production processes, 

starting at the final weight of a female calf and ending at the starting weight of the young 

dairy cows. This way, daily weight gains, first calving ages, and the corresponding feeding 

requirements can be modeled in great detail. Additional processes may be added to reflect 

different first calving ages or differences in weight gains. 

In order to maintain a steady herd balance, new animals need to enter a production process. 

The number of new animals joining a production process reflects the level of suitable delivery 

processes (𝐷) which refer to the previous fattening/growing phase (in the case of heifers) or 

replacements (for cows). Also, new calves serve as a delivery process for either the first stage 

phase of heifers or bulls. 
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The number of animals joining a herd at the beginning of a production process (𝑁) is 

described as follows: 

𝑁ℎ,𝑏,𝑚,𝑡 = 𝐷ℎ,𝑏,𝑚,𝑡 + 𝐵ℎ,𝑏,𝑚,𝑡 − 𝑆ℎ,𝑏,𝑚,𝑡 − ∑ 𝑁ℎ1,𝑏,𝑚,𝑡

ℎ1

 

The number of animals stemming from a suitable delivery process (𝐷), including animals 

bought to the herd from the market (𝐵), minus animals sold to the market (𝑆), and the sum of 

other production processes competing for the same delivery process (ℎ1 ⊆ ℎ). This concept 

can be illustrated by the following example: Suppose a female calf is born on the farm which 

might be used in a heifer process for the own dairy replacements or be sold after an initial 

rearing period of three weeks. The amount of animals that enter the farm’s heifer growing 

process (𝑁) is then equal to the newborn calf (= 1), subtracted by the calves sold to the market 

(= 0 or 1), ignoring any additional animals bought from the market. Through this approach, 

flexibility in the herd dynamics is ensured to simulate economic optimal decisions. 

In the comparative static setting, the number of animals entering a production process is 

additionally corrected by the production length of the process (𝑙 =
1

production length
). This way, 

different amounts of lactations and lactation lengths that affect cow replacement rates are 

mapped correctly to an average year. The adjusted formula characterizing the number of 

animals entering a production process can then be specified as follows: 

𝑁ℎ,𝑏,𝑚,𝑡 =
𝐷ℎ,𝑏,𝑚,𝑡 + 𝐵ℎ,𝑏,𝑚,𝑡 − 𝑆ℎ,𝑏,𝑚,𝑡 − ∑ 𝑁ℎ1,𝑏,𝑚,𝑡ℎ1 ⋅ 𝑙ℎ1,𝑏,𝑚,𝑡

𝑙ℎ,𝑏,𝑚,𝑡
 

The amount of calves being born in a month is defined by the sum of cows entering the cow 

herd throughout the simulation period multiplied with the probability of having a calf (𝑝
𝑚

) in 

that particular month: 
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𝐷𝑐𝑎𝑙𝑣𝑒𝑠,𝑏,𝑚,𝑡 = ∑ 𝑁𝑐𝑜𝑤𝑠,𝑏,𝑚1,𝑡1

cows,t1,m1,mDist

⋅ 𝑝
𝑚

(cows, mDist) ∀ mDist = 𝛥mDist𝑡,𝑚,𝑡1,𝑚1 

where 

calves, cows ⊆ ℎ
𝑡1 ≡ 𝑡

𝑚1 ≡ 𝑚
mDist = Consecutive months in the simulation period

𝛥mDist𝑡,𝑚,𝑡1,𝑚1 = Difference in months between year t, month m, and year t1, month m1 

 

The calving distribution is largely dependent on the average calving interval (𝜇) and amount 

of inseminations needed for conception (IE, insemination effort). The calving interval is 

defined by the calving to conception period plus the duration of the gestation. Depending on 

the required insemination effort (IE), the calving to conception period (CC) may be equal to 

the calving to first service period (CFS) or additionally prolonged by the additional service 

interval (ASI). If the IE is equal to one, the cow conceives at the first insemination, and the 

ASI is equal to zero. Any additional insemination is assumed to increase the ASI by 30 days, 

respectively (Römer et al., 2013).For a given average calving distribution (𝜇) and average 

insemination effort (AIE), the calving to first service period of a herd is calculated as 

CFS = 𝜇 − (30 ⋅ (AIE − 1)) 

A CI of 408 days (~13.38 months), and a herd average IE of 2.3 (Römer et al., 2013; 

Volkmann et al., 2014) subsequently result in a constant CFS of 88 days for our given 

example herd. Consequently, the calving distribution of a single animal is solely driven by its 

individual IE in this simplified model. The maximum IE is assumed to be 3.6 (Römer et al., 

2013).  

The above excursus highlights the importance of the insemination effort on the calving 

interval and thus the calving distribution of the herd. In order to depict the resulting 
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uncertainty in the model FarmDyn, a maximum entropy estimator is used for the estimation of 

calving probabilities for a particular month (𝑝
𝑚

). Given an average calving interval of a herd 

(𝜇), the a priori information assumes that calving is equally likely between the two months 

𝑚lo = ⌊
𝜇

30.5
⌋ and 𝑚up = ⌈

𝜇

30.5
⌉ surrounding the average calving interval. Therefore, a calving 

interval of 408 days (~13.38 months) as in our example would assume a priori equal 

likelihood of calvings in the months 𝑚lo = 13 and 𝑚up = 14. The actual average interval is 

then recovered by forcing the sum of the probabilities 𝑝
𝑚

 multiplied with the corresponding 

month (here either month 13 or 14) to be equal to the average calving interval 𝜇, maximizing 

the entropy which can be interpreted as picking the posteriori probabilities closest to the a 

priori ones: 

max �̂� = − ∑ 𝑝
𝑚

𝑁

𝑚

 ln 
𝑝

𝑚

𝑁
 

subject to    

∑ 𝑝
𝑚

𝑁

𝑚

= 1

∑ 𝑝
𝑚

𝑁

𝑚

⋅ 𝑚 =
𝜇

30.5
  ∀ 𝑚 = 𝑚𝑙𝑜 , 𝑚𝑢𝑝

𝑝
𝑚

≥ 0

 

The recovered probabilities for the two months 𝑚lo and 𝑚up are then prolonged for possible 

future lactations lact = 1. . . 𝑁 by a binomial expansion 

𝑝
𝑚

= ∑ (
lact ⋅ (𝑚𝑢𝑝 − 𝑚𝑙𝑜)

𝑚 − (𝑚𝑙𝑜 ⋅ lact)
)

𝑁

lact ∀ monthToLact𝑚,𝑙

⋅ 𝑝
𝑚𝑙𝑜

lact−𝑚−(𝑚𝑙𝑜⋅lact) ⋅ 𝑝
𝑚𝑢𝑝

lact−𝑚−(𝑚𝑢𝑝⋅lact)
 

where 
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monthToLact𝑚,𝑙 ⊆ 𝑚, 𝑙  ∀ 𝑚 ≥ 𝑚𝑙𝑜 ⋅ 𝑙 ∧ 𝑚 ≤ 𝑚𝑢𝑝 ⋅ 𝑙 

As the comparative static version of the model FarmDyn simulates an average planning year 

instead of a dynamic horizon, the calving distribution needs to be adapted in order to depict an 

average calving coefficient over all lactations. Here, all calvings that occur in the same month 

of the year (e.g. January) are aggregated, and calvings after the 12th month are removed. 

𝑝
𝑚

= ∑ 𝑝
𝑚1

𝑀

𝑚1 ∀ 𝑚 mod 12 ≡ 𝑚1 mod 12

⋅
12

𝑙cows

𝑝
𝑚

= 0 ∀ 𝑚 > 12

 

where 

𝑚1 ⊆ 𝑚
𝑙cows = Average production length of cows in months

 

In the model, the default proportion of males to females is assumed to be 50.8% (Foote, 

1977). The calculation of the sex ratio is displayed in the following formula: 

𝐷𝑓𝑐𝑎𝑙𝑣𝑒𝑠,𝑏,𝑚,𝑡

0.492
+ 2 ⋅ 𝛿𝑎𝑐𝑐(𝑛𝑚𝑠𝑒𝑥 − 𝑛𝑓𝑠𝑒𝑥) + 0.492𝑛𝑓𝑠𝑒𝑥 − 0.508𝑛𝑚𝑠𝑒𝑥

=
𝐷𝑚𝑐𝑎𝑙𝑣𝑒𝑠,𝑏,𝑚,𝑡

0.508
+ 2 ⋅ 𝛿𝑎𝑐𝑐(𝑛𝑚𝑠𝑒𝑥 − 𝑛𝑓𝑠𝑒𝑥) + 0.492𝑛𝑓𝑠𝑒𝑥 − 0.508𝑛𝑚𝑠𝑒𝑥 

where 

𝑛𝑚𝑠𝑒𝑥 = Amount of male beef breed sexing inseminations
𝑛𝑓𝑠𝑒𝑥 = Amount of female sexing inseminations

𝛿𝑎𝑐𝑐 = Sexing accuracy

 

The amount of female calves (left hand side of the equation) and male calves (right hand side 

of the equation) are divided by their respective default sex proportion, enforcing the ratio 

when the equation is satisfied. With the use of sexed semen, the (default) proportion can be 
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shifted towards more females or males respectively. However, the sexing accuracy parameter 

(𝛿𝑎𝑐𝑐) reduces the sex bias accordingly. As a consequence of the reduced fertility of sexed 

sperm, the IE is assumed to increase in the model when sexed sperm is used. This both affects 

the number of calves being born in a year due to the (involuntarily) prolonged calving 

interval, as well as the input costs per successful sexing insemination. 
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Supplemental Table S1. Assumed static input parameters for the FarmDyn model. 

Parameter Value Source 

Births per lactations 0.98 KTBL (2018) 

Living calves per birth 1.04 KTBL (2018) 

Calf losses (%) 5 KTBL (2018) 

Average cow weight (kg) 580 KTBL (2018) 

Dressing percentage old cow (%) 50 KTBL (2018) 

Price old cow (€/kg meat) 2.15 KTBL (2018) 

Fat content milk (%) 4.1 KTBL (2018) 

Protein content milk (%) 3.4 KTBL (2018) 

Milk price (€/kg ECM) 0.32 KTBL (2018) 

Concentrates, 12% crude protein, (€/t) 220 KTBL (2018) 

Concentrates, 18% crude protein, (€/t) 230 KTBL (2018) 

Concentrates, 18% crude protein, (€/t) 270 KTBL (2018) 

Soybean meal (€/t) 338 KTBL (2018) 

Dystocia risk bull calves, cows (%) 7 McCullock et al. (2013) 

Dystocia risk bull calves, heifers (%) 24 McCullock et al. (2013) 

Dystocia risk heifer calves, cows (%) 4 McCullock et al. (2013) 

Dystocia risk heifer calves, heifers (%) 14 McCullock et al. (2013) 

Dystocia risk beef calves, cows (%) 8 McCullock et al. (2013) 

Dystocia risk beef calves, heifers (%) 25 Assumption based on 

McCullock et al. (2013) 

Loss from dystocia score > 3, cows (€) 73 McCullock et al. (2013) 

Loss from dystocia score > 3, heifers (€) 93 McCullock et al. (2013) 
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Supplemental Figure S1. Profit maximizing share of female sexed dairy semen used on all 

inseminations (upper part), compared to the share of beef semen (sum of sexed beef semen 

and conventional semen) used on all inseminations (bottom part) in the North Rhine-

Westphalian study population. Each dot represents a farm in the sample population. The color 

of the dots display the required additional insemination effort when sexed semen is used. 

Source: Own representation 


