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Introduction
Dairy herd structure affects profitability on dairy farms. Each group of animals has 

a distinctive production efficiency reflected in costs and revenues. Therefore, different 
proportions of animals in different states or different herd structures are indicative of overall 
farm profitability [1-3]. Herd structure is a function of many factors, but the most important 
ones are reproductive performance and turnover rate (TR). Herd TR refers to the proportion 
of cows culled from a population over a period of time [4] and dictates the requirement of 
replacement heifers to maintain stable herd size [5]. Herd TR, therefore, governs the ratio 
of youngstock to adult animals. Dairy heifers do not provide income until freshening, so 
replacement rearing costs are usually allocated to lactating cows [6]. When youngstock raising 
costs are higher or comparable to finished market prices, as currently happens, it is critical to 
control the number of youngstock raised, especially when dairy profit margins are tight [7] 
to limit the costs incurred during rearing and prior to freshening. Herd TR also influences the 
percentage of primiparous cows in a herd, which have lower productivity than multiparous 
cows, impacting farm profitability [8,9]. Today’s dairy cow longevity is estimated at around 
60 mo [10,11] in accordance with a high TR. Aggressive culling usually leads to a younger, 
but genetically better herd [12]. However, as livestock and milk markets change, the optimal 
herd TR becomes more sensitive to the difference between cow salvage revenue and heifer 
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Abstract
Dairy herd structure influenced by reproductive performance and herd turnover rate affects the whole 
farm profitability because each group of animals has a distinctive production efficiency reflected in 
costs and revenues. The objective of this study was to reveal the interactions among reproductive 
performance, turnover rate, herd structure, and farm profitability. A monthly Markov chain model was 
used and updated with a newly developed heifer module. A 1,000-Holstein herd producing 10,442kg/
cow per yr in the US was simulated as the baseline herd, reaching steady-state with 45% turnover rate 
(TR), 16% 21-d pregnancy rate (21-d PR), and 0% voluntary calf culling rate (VCC). The baseline herd 
was imposed 25% TR or 40% 21-d PR and VCC combinations to maximize net return or breakeven the 
demand of replacements. Results showed that lower TR slightly increased net return primarily due to 
lower replacement demand, increased cow longevity, and had minor impacts on lactating and pregnancy 
statuses. Higher 21-d PR improved reproductive efficiency, placed more multiparous cows in earlier 
stages of lactation, and generated a larger number of replacements. Under current market conditions, 
if calves were not voluntarily culled, it led to considerable replacement rearing, decreasing net return. 
The combined strategy of 25% TR, 40% 21-d PR and 44% VCC increased net return by $16/cow per mo. 
Additionally, this strategy decreased percentage of youngstock (44.3% to 34.4%), reduced lactating herd 
average DIM (187 to 169) and increased herd average longevity (49.7 to 81.6 mo). Sensitivity analysis 
indicated that milk price significantly affects farm profitability regardless of herd structure. The optimal 
VCC to maximize net return highly depends on heifer rearing cost and market springer price. VCC could 
be 0 when the on-farm cost of raising a springer outnumbers selling price, or 100% otherwise. However, 
the minimum number of heifers for herd turnover should be raised on-farm considering biosecurity 
and sustainability under any market conditions.For practical utilization of the model developed for this 
research in commercial farms, target values of the combined strategy could be imposed progressively to 
alleviate volatility of net return in the short- and medium-term (6 to 34 mo), but still reach the same herd 
performance and economic outcomes in the long-term.
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rearing costs rather than the benefits from genetic improvements 
[10]. Reproductive success can improve farm profitability [13-15] 
primarily through increasing calf value, decreasing reproductive 
cost, and/or increasing milk production [2,3,16]. The simulation 
models used by these researchers defined animals in different 
states and herd structures across simulations. In all cases, 
improved reproduction resulted in more pregnant cows, calvings, 
heifers, and changes in lactation distribution [3,16]. Distribution of 
different animal states offers weights of different animal groups to 
economic analyses [16-18], which eventually contributes to overall 
farm profitability [3,19,20]. Herd average DIM or herd average days 
open, often used in commercial farms, are believed to reflect herd 
reproductive efficiency [19]. Nevertheless, the average is likely to 
be influenced by abnormal tails of the actual distribution. Thus, 
overall herd structure is critical to portray the accurate statistics 
of a herd. Although many previous simulation models were framed 
by detailed herd structures, they merely looked at the structure by 
parity and related end outcomes [9,21]. There are other refined 
categories, such as lactating or dry, pregnancy status, stage of 
lactation, or combinations thereof to reveal the influences of 
management interventions. 

Also, current simulation models provide the end, long-term 
insights about managerial changes. Such processes often take 
hundreds or thousands of iterations or simulated units of time 
until reaching a steady state that might represent long-term 
performance, which does not represent what would happen in the 
short- or medium-term. Commercial dairy farms have expressed 
their increased interest and need in the short- and medium-term 
performance evaluations [22]. Based on the preceding discussion, 
the first objective of this study was to investigate the effects of 
reproduction and herd TR on detailed herd structure dynamics 
and farm profitability, attempting to answer a question often 
asked: what is the optimal herd structure of a dairy herd based on 
current market conditions? The second objective was to monitor 
and maximize the monthly net return related to herd structure 
dynamics, providing a short- and medium-term vision for practical 
utilization of the model developed for this research.

Materials and Methods

Whole herd model
A monthly Markov chain model for adult cows, developed by 

Cabrera [1], was adjusted and improved. The model distinguishes 
adult cows by lactation (LACT; 1 to 10), month in milk (MIM; 1 to 
33), and month in pregnancy (MIP; 0 for non-pregnant; 1 to 9 for 
pregnant), which are denoted as , ,LACT MIM MIPCOW . A new heifer module 
was developed in Microsoft Excel® (Microsoft Corp., Redmond, 
WA) and connected to the cow model. Following Cabrera [1], we 
assigned calves and heifers to various states, denoted by age in mo 
(AGE; 1 to 34) and MIP. Consistent with the cow module, transition 
probabilities such as aging, culling (CULL), and pregnancy (PRG) 
were incorporated to the new heifer module (Table 1). According 
to historical records, monthly cow culling rates (mortality and 
involuntary culling) vary across LACT and MIM as shown in [18] 

and also used in [1]. Cows in the early stage of lactation have higher 
risk of culling, which decreases in the mid-lactation, and increases 
in late lactation. Multiparous cows have more culling risk than 
primiparous cows. Also, pregnant animals have lower risk than non-
pregnant animals. As in [1], cows were labeled do-not-breed after 
10 MIM and non-pregnant. These cows were then culled when their 
production declined below 22.7kg/d. Heifer mortality rates change 
across age, being higher during preweaning and then decreasing 
continuously (Table 1) [23]. Heifer 21-d PR was calculated using a 
matrix of 21-d conception rates multiplied by the average service 
rate (assumed to be 75%; Table 1). Heifer conception rates were 
assumed to be 60%, 50%, 45%, 40%, 35%, 30%, 25%, 20% for 
the 1st to 8th service, respectively (Table 1). Calves and heifers were 
simulated as follows:

Proportions of non-pregnant, non-breeding eligible heifers 
(AGE=1 to 12) were simulated as:

            ( )( )1, 0 , 0 , 01AGE MIP AGE MIP AGE MIPHEIFER HEIFER CULL+ = = == −

Proportions of heifers eligible to breed and becoming pregnant:

  ( )( )1, 1 , 0 , 0 , 01AGE MIP AGE MIP AGE MIP AGE MIPHEIFER HEIFER CULL PRG+ = = = == −

Proportions of heifers eligible to breed and not becoming 
pregnant:

    ( )( ) ( ), 01, 0 , 0 , 0 11 AGE MIPAGE MIP AGE MIP AGE MIP PRGHEIFER HEIFER CULL =+ = = = −= −

Proportions of pregnant heifers:

      ( )( )1, 1 , ,1AGE MIP AGE MIP AGE MIPHEIFER HEIFER CULL+ + = −

Female newborn produced by the adult cows and springers 
(heifers ready to calve) are used as animal inputs for the heifer 
module, assuming female gender accuracy (%F) of conventional 
dairy semen to be 47% [2]:

( )10 33 34

, , 9 , 9
1 1 22

%LACT MIM MIP AGE MIP
LACT MIM AGE

Famalesproduced COW HEIFER F= =
= = =

= +∑ ∑ ∑

The achieved goal in our study was to develop a whole herd 
model that included calves, heifers, and adult cows for assessing 
the relationship between TR and 21-d PR. 

The simulated baseline herd
For practicality and scalability, a 1,000 Holstein adult cow dairy 

herd in Southern Wisconsin with predefined 45% TR and 16% 
21-d PR (Table 1), defined as the baseline herd, was simulated until 
reaching steady state (SS1), which empirically was known occurred 
after 274 mo of simulation. The US national TR and 21-d PR are 
approximately 34% [24] and 22% [25], respectively, and their 
distributions include the parameters used in the baseline herd. The 
key variables are shown in Table 1.

The economic module 
This module calculated monthly net return, the difference 

between all farm revenues and costs. Farm revenues included: (1) 
milk sales, herd milk production (aggregation of milk production 
in each lactating cow state) multiplied by milk price, (2) discarded 
animal sales, from non-reproductive culling and productive culling 



721

Appro Poult Dairy & Vet Sci       Copyright © : Victor E Cabrera

APDV.000678. 8(1).2021

multiplied by salvage price. (3) bull calf sales, number of bull calves 
multiplied by price; (4) calf and heifer culling sales, female calves 
that are voluntarily culled and open heifers older than 20 mo; 
springer sales, surplus springers for herd turnover sold at market 
price. Costs included: (1) adult cow feed costs; (2) reproductive 
costs set in the baseline scenario at $20/cow per mo for all those 
breeding eligible cows. These aggregated costs included labor, 
hormones, AI and pregnancy diagnosis under the assumption 
of using a standard reproductive program that included a 
combination of timed AI and visual heat detection, as in [1]; (3) calf 
and heifer feed costs, number of animals in each state multiplied 

by corresponding feed costs; (4) springer cost, cost on purchasing 
springers for replacements if on-farm supply was insufficient; 
(5) other adult costs including veterinary, bedding, marketing, 
custom services, energy, repairs, interest on operating capital, and 
hired labor (for a farm size between 1,000-1,999 cows; [26]); (6) 
other calf and heifer costs including labor, veterinary, housing, and 
interest on operating capital. Net return was monthly calculated at 
the herd level ($/herd per mo) and at the individual cow level ($/
cow per mo). The default values of the economic variables of the 
baseline scenario are listed in Table 2. 

Table 1: Default variables in the herd model.

Terms Value

Cow Module1

Adult herd size2, head 1,000

Heifer herd size3, head 794

Herd turnover rate (TR), %/yr 45

21-d pregnancy rate (21-d PR), % 16

Rolling herd average4, kg/cow per yr 10,442

Heifer Module

Conception rate at 1st service5, % 60

Average service rate, % 75

Age at first breeding, mo 13

Age at last breeding, mo 20

Stillbirth rate, % 5

Heifer Mortality Rate6, %/mo

Preweaning (birth to 2 mo) 2.1

Weaned (3 to 12 mo) 0.16

Pregnant (13 mo and older) 0.01

Voluntary calf culling rate at 2 mo of age (VCC), % 0

1Default parameters except adult herd size, heifer herd size, and rolling herd average, were taken from a typical dairy 
farm in southern Wisconsin.
2Adult herd size was fixed at 1,000 for practicality and scalability.
3Heifer herd size was generated by the whole herd model after reaching steady state with given 45% turnover rate (TR), 
16% 21-d pregnancy rate (21-d PR) and 0% voluntary calf culling rate (VCC).
4Approximated to US annual milk production in 2018 (USDA - NASS, 2019a).
5Heifer conception rates were assumed to be 60%, 50%, 45%, 40%, 35%, 30%, 25%, 20% for the 1st to 8th service, re-
spectively.

6Heifer mortality rates by heifer class for all operations based on NAMHS (2012).

Table 2: Baseline economic variables used in the herd model.

Terms Value Source

Economic Variable

Springer price, $/cow 1,240 USDA - NASS, 2019b

Salvage price, $/kg of live weight 1.5 USDA - NASS, 2019b

Female calf price1, $/head 50 Equity Cooperative
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Bull calf price1, $/head 68 Equity Cooperative

Open heifer price, $/head 535 USDA – AMS, 2019

Milk price2, $/kg 0.42 USDA - NASS, 2019b

Feed cost for lactating cows, $/kg of DM of diet per d 0.22 Cabrera, 2012

Feed cost for dry cows, $/kg of DM of diet per d 0.18 Cabrera, 2012

Reproductive cost, $/service 20 Cabrera, 2012

Other adult costs3, $/kg milk produced 0.11 USDA – ERS, 2016

Calf and heifer feed costs, $/head per d Overton, 2019

Pre-weaning (birth to 2 mo) 3.42

Post-weaning (2 to 4 mo) 1.27

Growing (4 to 10 mo) 1.21

Breeding (10 to 15.7 mo) 1.53

Post-breeding (15.7 to 21.4 mo) 1.82

Close-up (21.4 to 23.4 mo) 2.55

Other calf and heifer costs4, $/head per d Overton, 2019

Pre-weaning (birth to 2 mo) 1.38

Post-weaning (2 to 4 mo) 2.19

Growing (4 to 10 mo) 1.25

Breeding (10 to 15.7 mo) 0.93

Post-breeding (15.7 to 21.4 mo) 0.74

Close-up (21.4 to 23.4 mo) 0.18

1Female and male calf prices released on October 30th, 2019 from Equity Cooperative Livestock Sales Association.

2Received all milk price in August 2019

3Other adult costs include veterinary, bedding, marketing, custom services, energy, repairs, interest on operating capi-
tal, and hired labor. These costs based on a farm size from 1,000 to 1,999 cows (USDA–ERS, 2016).

4Other calf and heifer costs include labor, veterinary, housing, and interest on operating capital (Overton, 2019).

Model exploitation
The managerial intervention of TR or 21-d PR was first 

imposed on the baseline herd to capture the single factor effect 
on herd structure and farm profitability. We decreased overall TR 
to 25% and consequently the corresponding culling distribution 
transition probabilities decreased proportionally. Also, 21-d PR 
was increased to 40%, which we assumed could be accomplished 
by adopting a Double-Ovsynch+2nd PGF reproductive program (e.g., 
http://www.dcrcouncil.org/wp-content/uploads/2019/11/DCRC-
Roundtable_Nov19_HD.pdf). The additional cost for this high 21-d 
PR was assumed to be $30/cow per mo in the baseline reproductive 
program. This cost assumption follows the trend observed in dairy 
reproductive economics studies when increasing the intensity of 
use hormonal treatments and decreasing visual detection [2,8]. 
Both the 25% of TR or 40% 21-d PR were set in the initial month and 
remained as such until steady state (274 mo) when herd statistics 
and economic outcomes were extracted. The TR and 21-d PR that 
would generate the maximum net return were then combined 
as a new managerial change. Anticipating a lager youngstock 

herd determining oversupply of replacements, we introduced 
the voluntary calf culling rate (VCC) to breakeven the supply and 
demand of replacements. We also maximized expected net return 
by selecting the optimal VCC using Microsoft Excel’s Solver tool 
with the Standard LP/Quadratic Engine. Finally, another constraint 
was imposed into the optimization algorithm to breakeven on-farm 
replacement supply and demand by manipulating the VCC.

To study farm performance in the short- and medium-term 
in addition to long-term outcomes after managerial changes, we 
progressively introduced the optimal strategies found previously. 
This implied changes in transition probabilities every simulated 
unit of time. Progressive managerial changes avoid substantial 
disruptions in farm performance and economic net return. We were 
interested in comparing overall performance between progressive 
or abrupt changes in the short-, medium-, and long-term. For 
long-term comparisons, we used a net present value with a 4%/yr 
discount rate according to current bank interest rate for medium 
term loans. 
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Sensitivity analysis
Previous sections of the study evaluated the farm economic 

under current market conditions, where the total heifer rearing 
cost (from birth to freshening) outnumbered the selling price. In the 
sensitivity analysis, we assessed net return under alternative market 
assumptions of milk price, springer price, salvage price, and heifer 
rearing cost. One price or cost assumption was changed at a time, 

leaving all other assumptions unchanged. Each factor was changed 
by ±50% and ±100%. The positive 100% change in springer price 
was set to be greater than the cost of raising a springer from birth to 
freshening (springer rearing cost of approximately $2,000). Heifer 
rearing cost was changed proportionally across all age groups. The 
single or combined managerial interventions performed before 
were also evaluated herein under different market conditions.

Results and Discussion
Replacement balance

Figure 1: Breakeven (replacement demand=supply) between turnover rate (TR) and 21-d pregnancy rate (21-d 
PR) with a stable adult herd size.

Turnover rate and 21-d pregnancy rate with a stable herd 
size: The relationship of adult herd 21-d PR versus TR to 
breakeven the supply and demand of replacements followed a 
quadratic function: TR=-0.0723 (21-d PR)2+5.5617(21-d PR) 
-39.224 (R²=0.9998) portraying a diminishing return of 21-d 
PR to compensate same change of TR at higher levels of 21-d PR 
(Figure 1). Because the assumption herein is a closed cycle, where 
only using on-farm replacement supply as replacements, heifer 
reproductive performance is also essential. Eligible heifer service 

rate and conception rate at 1st service were fixed at 75% and 60%, 
respectively, as defaults (Table 1), resulting in an average 23.2 mo 
of calving age. This allows for higher TR as 21-d PR increased. 
For example, when 21-d PR increases to 23.0%, TR is up to 
50.4%, which indicates better reproduction could allow for more 
aggressive adult culling [16]. However, TR is not determined by 
21-d PR. Positive replacement balance could be reduced by culling 
surplus replacement heifers [7].

Table 3: Herd statistics from the baseline scenario and the differences between the baseline scenario and treatments 
of imposing a single or combined managerial intervention on a 1,000 adult cow herd and corresponding youngstock.

Herd Statistics Baseline 
Scenario1

Differences between Treatment2 and the Baseline Scenario

25TR  40PR 25TR-40PR 25TR-40PR-44 
VCC

Herd Structure by Adult And Youngstock, %

 Adults 55.7 -1.2 (-2.2%) -7.6 (-13.6%) -8.8 (-15.8%) +9.9 (+17.8%)

 Youngstock 44.3 +1.2 (+2.7%) +7.6 (+17.2%) +8.8 (+19.9%) -9.9 (-22.3%)

Herd Structure by Lactating and Dry, %
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 Lactating cows 90.6 -0.4 (-0.5%) -3.4 (-3.7%) -3.9 (-4.3%) -3.9 (-4.3%)

 Dry cows 9.4 +0.4 (+4.4%) +3.4 (+35.8%) +3.9 (+41.6%) +3.9 (+41.6%)

Herd Structure by Lactation, %

 1st lactation 50 -8.4 (-16.7%) -15.5 (-30.9%) -24.2 (-48.5%) -24.2 (-48.5%)

 2nd lactation 27.2 -1.8 (-6.7%) -1.4 (-5.2%) -6.1 (-22.3%) -6.1 (-22.3%)

 3rd and greater lactation 22.9 +10.2 (+44.5%) +16.9 (+73.7%) +30.3 (+132.5%) +30.3 (+132.5%)

Lactating Herd Structure by Lactation3, %

 Early stage of lactation (<60 DIM) 18.3 -1.1 (-6.2%) +1.9 (+10.7%) +1.0 (+5.3%) +1.0 (+5.3%)

 Peak stage of lactation (60-90 DIM) 8.6 -0.3 (-3.9%) +0.8 (+9.8%) +0.6 (+7.4%) +0.6 (+7.4%)

 Middle stage of lactation (90-150 DIM) 16.5 -0.4 (-2.3%) +1.7 (+10.1%) +1.5 (+9.1%) +1.5 (+9.1%)

 Late stage of lactation (>150 DIM) 56.6 +1.8 (+3.3%) -4.5 (-7.9%) -3.1 (-5.5%) -3.1 (-5.5%)

Other

 Replacement balance4, head/mo -7.4 +10.8 (+145.9%) +21.8 (+294.8%) +33.3 (+451.1%) +7.4 (+100.0%)

 Lactating herd DIM3, d 187 +6.0 (+3.2%) -21.0 (-11.3%) -17.2 (-9.2%) -17.2 (-9.2%)

 Herd average lactation 2.1 +0.4 (+18.8%) +0.6 (+30.0%) +1.4 (+65.0%) +1.4 (+65.0%)

 Herd average longevity5, mo 49 +9.2 (+18.8%) +14.7 (+30.0%) +31.8 (+65.0%) +31.8 (+65.0%)

1With 45% TR, 16% 21-d PR, and 0% VCC. TR=turnover rate, 21-d PR=21-d pregnancy rate, VCC=voluntary calf culling 
rate.
2Treatments: 25TR=25% turnover rate; 40PR=40% 21-d pregnancy rate; 25TR-40PR=25% turnover rate and 40% 21-d 
pregnancy rate; 25TR-40PR-44 VCC=25% turnover rate, 40% 21-d pregnancy rate and 44% voluntary calf culling at 2 
mo of age.
3Dry cows excluded.
4The difference of springers required and produced on the farm.
5Based on the average mo at first calving of 23.2.

Turnover rate, 21-d pregnancy rate, and voluntary calf culling 
rate: Setting the maximum TR to 45% for the adult herd, VCC is 
intended to regulate extra replacements produced on-farm to 
balance the replacement supply and demand at steady state (Figure 
2). At 21% 21-d PR, the breakeven of demand and supply is reached 

with 45% TR. Hence, starting at 22% 21-d PR, VCC kicks in with 
a quadratic trend. When TR reaches a given level of 45%, it is 
required to cull calves to maintain a stable adult herd size as 21-d 
PR increases.

Figure 2: Breakeven (replacement demand=supply) between turnover rate (TR) and 21-d pregnancy rate (21-d 
PR) or voluntary calf culling rate (VCC) and 21-d PR when TR is constrained to a maximum of 45% with a stable 
adult herd size.
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 Effect of herd turnover rate on herd structure and farm 
economics

Effect of turnover rate on herd structure: A new steady state 
(SS2) was found when decreasing TR from 45% to 25% (Table 
3 & Figure 3). The percentages of 1st and 2nd lactation cows are 
reduced by 8.4 percentage points (from 50.0% to 41.6%) and 
1.8 percentage points (from 27.2% to 25.3%), respectively. 
Accordingly, there are 10.2 percentage points more 3rd and greater 
lactation cows, resulting in an older herd. The productive lifespan 
increased from 25.8 to 35.0 mo. A study by Liang and Cabrera [9] 
reported a lower percentage of 1st lactation cows to increase per-
cow milk production. In our study, a decreased number of lower-
production primiparous cows (compared to mature cows) slightly 

increases the herd or per-cow milk production (28.5 vs. 28.6kg/
cow per day), which is consistent with [9], when the target milk 
production was close to the default value (10,442kg/cow per yr; 
Table 2). We also find that lactating herd DIM increases by 6 d to 
193 d. The general belief is that as overall herd DIM increases, 
fewer cows are in the early stage of lactation, which results in lower 
herd milk production. However, this contradicts with the slightly 
increased milk production found in our study. Looking at detailed 
herd structure changes, the percentage of total cows in less than 90 
DIM decreases from 26.9% to 25.4%, of which the percentage of 
primiparous cows decreases by 2.7%, while multiparous cows with 
higher productivity increases by 1.2%. Our results suggest that the 
change in lactating herd DIM caused by changing TR would not be 
indicative of the direction of the herd milk production shift. 

Figure 3: Comparison of adult herd structures by lactation (1st, 2nd, and 3rd and greater), pregnancy and/
or lactating, and month in milk (MIM; 1 to 33) at steady state (SS) on decreasing turnover rate (TR) from 45% 
(SS1=45% TR and 16% 21-d pregnancy rate) to 25% (SS2=25% TR and 16% 21-d pregnancy rate). 

With the refined herd structure, the percentage of dry cows 
increases by 0.4 percentage points to 9.8%, which might slightly 
dilute the per-cow milk production. Aside from more dry cows, 
the total percentage of pregnant cows also increases from 49.6 to 
50.4%. Lower TR enables more eligible cows to be bred and there 
is a possibility that these cows become pregnant even though the 
process is inefficient, with only 16% 21-d PR. Therefore, youngstock 
increases by 40, from 794 to 834 head, representing 44.3% of the 
whole herd population. The youngstock herd structure remains 
the same because the managerial change introduced so far has no 
impact on them. In all, herd structure or distribution of animals 
(Figure 3) could account for those subtle alternations when TR 
decreased. In this case, decreased TR merely changes lactating and 
pregnancy status, but not the base number of eligible animals nor 
the distribution by parity.

Effect of Turnover Rate on Net Return: Compared to the baseline 
scenario, there is 38% less salvage value from non-reproductive 
culling and 31.5% more from reproductive culling (Table 4). As 
discussed, 25% TR increases the base number of eligible cows but 
also increases the likelihood of cows being culled due to reproductive 
failure. Milk sales only increase by $554/herd per mo because of a 
small increase in milk production. The replacement balance turns 
positive (3.4 head/mo) from a negative value (-7.4 head/mo), and 
the herd gains revenue from selling springers. Decreasing TR to 
25% generates 40 more calves and heifers, leading to an increased 
rearing cost (Table 4). Net return increases by $2/cow per mo. The 
small increase in overall net return is mainly an artifact of fewer 
springers required and, therefore, allows available springers for 
sale, releasing an enormous pressure of purchasing replacements 
[6] and providing extra revenue. 
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Table 4: Farm economic values from the baseline scenario and differences between the baseline scenario and treatments 
of imposing a single or combined managerial intervention on a 1,000 adult cow herd and corresponding youngstock 

under current market conditions.

Baseline 
Scenario1 

$/mo

Differences between Treatment2 and the Baseline Scenario, $/mo (%)

25TR 40PR 25TR-40PR 25TR-40PR-44 VCC

Revenue

Milk sales 361,513 +554 (+0.2%) +2,085 (+0.6%) +4,129 (+1.1%) +4,129 (+1.1%)

Salvage from non-reproductive 
cull 24,976 -9,501 (-38.0%) -3,348 (-13.4%) -11,450 (-45.8%) -11,450 (-45.8%)

Salvage from reproductive cull 7,545 +2,378 (+31.5%) -5,460 (-72.4%) -4,869 (-64.5%) -4,869 (-64.5%)

Bull calf sales 1,659 +83 (+5.0%) +592 (+35.7%) +702 (+42.3%) +702 (+42.3%)

Calf and heifer culling sales 1,156 +58 (+5.0%) +413 (+35.7%) +489 (+42.3%) +374 (+32.4%)

Springer sales - 4,209 17,846 32,166 -

Expense

Adult feed cost 123,653 +1,219 (+1.0%) +1,644 (+1.3%) +3,076 (+2.5%) +3,076 (+2.5%)

Reproductive cost 7,141 -174 (-2.4%) -469 (-6.6%) -645 (-9.0%) -645 (-9.0%)

Calf and heifer feed cost 42,063 +2,112 (+5.0%) +15,019 (+35.7%) +17,791 (+42.3%) -12,592 (-29.9%)

Springer costs 9,162 -9,162 (-100.0% -9,162 (-100.0%) -9,162 (-100.0%) -9,162 (-100.0%)

Other adult costs3 95,743 +147 (+0.2%) +552 (+0.6%) +1,094 (+1.1%) +1,094 (+1.1%)

Other calf and heifer costs4 27,335 +1,372 (+5.0%) +9,760 (+35.7%) +11,561 (+42.3%) -9,052 (-33.1%)

Net return5 91,880 +2,140 (+2.3%) -5,450 (-5.9%) -2,748 (-3.0%) +15,968 (+17.4%)

Net return, per cow 92 +2 (+2.3%) -5 (-5.9%) -3 (-3.0%) +16 (+17.4%)

1With 45% TR, 16% 21-d PR, and 0% VCC. TR=turnover rate, 21-d PR=21-d pregnancy rate, VCC=voluntary calf culling 
rate.
2Treatments: 25TR=25% turnover rate; 40PR=40% 21-d pregnancy rate; 25TR-40PR=25% turnover rate and 40% 21-d 
pregnancy rate; 25TR-40PR-44 VCC=25% turnover rate, 40% 21-d pregnancy rate and 44% voluntary calf culling at 2 
mo of age.
3Other adult costs include veterinary, bedding, marketing, custom services, energy, repairs, interest on operating capi-
tal, and hired labor. These costs are based on a farm size from 1,000 to 1,999 cows (USDA–ERS, 2016).
4Other calf and heifer costs include labor, veterinary, housing, and interest on operating capital (Overton, 2019). 
5Net return=revenues expenses.

One arguable aspect that has not been built into our model is 
genetic progress. Improved reproduction and sexed semen use 
could prompt more culling due to accelerated genetic progress in 
commercial farms (Weigel et al., 2012), thus bringing economic 
benefits from genetic gains. However, our focus herein was to reveal 
herd structure dynamics according to TR, and then to capture 
greater net return rather than studying genetic progress. De Vries 
[10] reported that the optimal TR would become more sensitive 
to cull cow price and heifer rearing cost considering the ever-
changing market and the opportunity cost of raising a springer for 
2 yr. Another study illustrated that the net present value decreased 
as TR increased regardless of genetic improvement, replacement 
heifer price, operation cost, and reproductive levels [27]. More 
recently, De Vries [11] concluded that genetic gain due to genomic 
selection has only minor effect on the optimal productive lifespan. 

A deduction for genetic opportunity costs on net return was 
considered beyond the scope of this specific study because we 
were interested in the herd structure and their specific relationship 
between TR and 21-d PR. 

Effect of reproduction on herd structure and farm 
economics

Effect of Reproduction on Herd Structure: As the 21-d PR rose 
from 16% to 40% (SS3), the overall percentage of pregnant cows 
increases from 49.6% to 67.3% (Figure 4). Research has reported 
that better reproduction results in more pregnant cows [3,8,28], 
which is consistent with our results. The 67.3% of pregnant cows 
are not commonly seen in the industry, but it would be accomplished 
when 40% 21-d PR is constantly achieved on a 45% TR farm for a 
long period of time. We also found that the increase in pregnant 
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cows occurs only in multiparous cows (from 25.0% to 43.9%), 
whereas the percentage of pregnant primiparous cows decreases 
from 24.6% to 23.4%. Fewer pregnant primiparous cows occurs 
because the overall percentage of first lactation cows decreases 
from 50.0% to 34.5%. However, the ratio of pregnant to non-
pregnant primiparous cows increases from 0.97 to 2.11 due to high 
reproductive efficiency. Giordano et al. [2,29] reported lesser culling 

due to reproductive failure when reproduction was improved, 
which implied fewer primiparous cows as in our study. The herd 
longevity increases by 14.6 mo from 49.0 to 63.6 mo, which seems 
a more efficient way to increase herd longevity than only decreased 
TR (49.0 to 58.2 mo). Furthermore, improved reproduction also 
causes a larger youngstock herd, from 794 to 1,078 head, which 
then accounts for 51.9% of the whole herd (Table 3). 

Figure 4: Comparison of adult herd structures by lactation (1st, 2nd, and 3rd and greater), pregnancy and/or lac-
tating, and month in milk (MIM; 1 to 33) at steady state (SS) on increasing 21-d pregnancy rate (21-d PR) from 
16% (SS1=45% turnover rate and 16% 21-d PR) to 30% (SS3=45% turnover rate and 40% 21-d PR).

Effect of reproduction on milk production: Lactating cows in 
the early stage of lactation tend to produce more milk [30] due 
to the inherent cow physiology described by the typical lactation 
curve. There are more multiparous cows in early lactation stage 
(Figure 4), leading to a decreased lactating herd DIM, from 187 to 
165 d (Table 3). As stated, improved 21-d PR seems to place more 
multiparous cows in a more productive stage, resulting in higher 
milk production [3,15,16]. The milk production per lactating cow 
increases by 1.4kg/d (+4.5%) from 31.5 to 32.9kg/d at the given 
rolling herd average. However, per-adult milk production merely 
increases by 0.2kg/d (+0.6%) from 28.5 to 28.7kg/d (Figure 5) 
because there were 3.9% more dry cows diluting the herd milk 
production [2,8,21].

Effect of reproduction on net return: As milk lactation curves 
are assumed to remain constant, herd population changes due to 
increased 21-d PR make only a minor difference in milk sales (Table 
4), which agrees with previous studies [2,8,16]. With improved 
reproductive performance, the total reproductive cost decreased 
by 6.6% even though default reproductive cost increased from $20 
to $30/cow per mo. Increased 21-d PR leads to less reproductive 
culling, more bull calf sale revenue, and more significant heifer 

rearing costs (feed and other costs) due to a larger youngstock 
herd. Also, replacement balance switches to positive and increased 
revenue from selling excess springers. Net return decreases by $5/
cow per mo (-5.9%) compared with the baseline scenario.

 Giordano et al. [29], who compared the economic performance 
of 3 breeding programs, have reported that the economic differences 
ranged from $2.0 to $5.8/cow per mo. In Giordano et al. [2], the 
economic difference between the lowest (14%) and highest (20%) 
21-d PR was $4.1/cow per mo. Calsamiglia et al. [21] increased 21-d 
PR from 12% to 17% with timed artificial insemination, and the 
net margin increased by $5.9/cow per mo. These variations could 
be explained by the assumption of only purchasing replacements, 
the magnitudes of 21-d PR, different voluntary waiting period, and 
distinct economic variables. Importantly, in the present study, we 
assumed that on-farm replacements would enter the herd, and 
springers would be purchased if there was an insufficient supply. 
Hence, calf and heifer rearing costs and other management costs 
were included to calculate net return. Increasing 21-d PR from 16% 
to 40% do bring benefits reported in previous research, but also a 
more significant expense on heifer rearing costs, leading to an even 
decreased net return (Table 4).
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Figure 5: Per-cow milk production over time after imposing an increase of 21-d pregnancy rate (21-d PR) from 
16% (SS1=45% turnover rate and 16% 21-d PR) to 40% (SS3=45% turnover rate and 40% 21-d PR).

Combined strategies to maximize farm profitability
Based on previous results, an attempt was made to maximize 

net return by combining decreased TR and increased 21-d PR. The 
baseline herd first imposes a 25% TR (25TR) and then a 40% 21-d 
PR (40PR), which enables the farm to replace less and produce more 
heifer replacements at the same time. Replacement balance of this 
combination (25% TR, 40% 21-d PR and 0% VCC; 25TR-40PR) is 
positive, 26 head/mo, and the heifer herd accounts for 53.1% of the 
whole herd population, which creates a higher replacement rearing 
cost (Table 4). In this case, net return (Table 4) decreases by $3/cow 
per mo in comparison with the baseline scenario. To capitalize on 
the gains and reduce the additional costs for maximum profit, only 
the required number of replacements are raised on-farm. Surplus 
calves are sold at 2 mo of age. The optimal VCC is 44% to balance 
on-farm supply and demand for replacements to be self-sufficient 
at steady-state. Compared to 25% TR, this change (25% TR, 40% 
21-d PR and 44% VCC; 25TR-40PR-44VCC) decreases heifer 
rearing costs but also removes springer sales (Table 4). In the end, 
the net return increases by $16/cow per mo. Selection costs can 
be computed if the farm would use genomic testing at $35/calf. In 
this case study, the expense on genomic testing for all calves would 
be $1,313/mo. After the managerial change of 25TR-40PR-44VCC, 
the youngstock accounts for 34.4% of the whole herd (Table 3). Dry 
cows increase by 3.9 percentage points from 9.4% to 13.3%, and 1st 
lactation cows decrease by 24.3% percentage points from 50.0% 
to 25.7%. Also, the percentages of cows in early, peak, and middle 

stages of lactation increases by 5.3%, 7.4%, and 9.1%, respectively, 
which were compensated by the decreased percentage of cows in 
late lactation stages (Table 3). Meanwhile, herd average lactation 
increases from 2.1 to 3.5 and adult herd longevity increases by 32.9 
mo, from 48.7 mo to 81.6 mo. De Vries [11] reported an optimal 
productive lifespan of 5 yr (84 mo), which is consistent with this 
our result of the combined strategy.

Short- and medium-term strategies to maximize the 
farm profitability 

The long-term analysis at steady state did provide insights with 
economic values as commonly done by various studies [1,3,21]. 
However, for the practical application of the model developed, 
short- and medium-term predictions and economic analyses are 
necessary [17], which farmers are interested in [22]. Analyzing 
the short-term net return portrays significant volatility (gray line; 
Figure 6) because 21-d PR, TR, and VCC changed considerably every 
month (from the initial to the subsequent month). In a quest for less 
volatile changes, managerial interventions on TR, 21-d PR, and VCC 
were progressively introduced every month. 21-d PR was increased 
by 1% monthly to 40%, and TR was decreased by 1% monthly to 
25%. In the simulated mo 9, 20% VCC was introduced and increased 
by 1% monthly to 44%. 21-d PR, TR or VCC were maintained after 
reaching their target values. Results displays a smooth increase 
in net return until mo 28 ($107/cow per mo), the point at which 
a reduction starts ($104/cow per mo) because of a carry-over 
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effect of the baseline herd. The baseline herd already had a stable 
youngstock herd structure, and VCC only impacts calves at 2 mo of 
age. For heifers older than 2 mo of age in the baseline herd, they 
would continue to grow until becoming springers, whether for sale 
or as replacements, which imposes noise that affects the steady rise 
of the net return. In the long run, net return still reaches the same 
level ($108/cow per mo) as in the steady-state analyses, but with 
much lower volatility in the first 30 mo and lesser simulation time 
(20 mo) to reach steady state. Because the concentrated calving 

would result in a substantial amount of calves, milk production, 
and springers at a later specific time, it impacts the variability of 
monthly net return. Increasing 21-d PR progressively distributes 
pregnant cows to each month, thus eliminating concentrated 
calving at one particular time. The nature of progressive change in 
the study is to change transition probabilities monthly. With this 
approach, the same level of net return is reached faster in the long-
term. 

Figure 6: Comparison of net return with abrupt (gray and dashed line) and progressive (black continuous line) 
change of the combined managerial changes (25% turnover rate, 40% 21-d pregnancy rate, and 44% voluntary 
calf culling). Net return=all revenues–all expenses.

A further analysis was conducted to explore the performance 
of abrupt and progressive change approaches in terms of their 
corresponding net present value (NPV) with a 4%/yr discount rate 
(Figure 7). Although there is significant volatility of abrupt change, 
the NPV is always slightly greater than a progressive change. It might 
suggest that risk-takers, who could handle financial volatility, could 
capture slightly greater profits. Nonetheless, risk-averse farmers 
might feel more comfortable with secure, less volatile net return in 
the short- and medium-term. To investigate monthly herd structure 
and economics in the short-term, Table 5 provides herd statistics 
and economic values for simulated mo 6, 12, 24, and 36. Like the 
long-term analyses, a small increase in net return happens partly 
because a lower TR reduced the required number of replacements. 
However, the primary outcomes of higher 21-d PR regarding herd 
structure and net return are realized in a more extended time. In 
mo 6, an improved 21-d PR of 21% shows no changes in stages of 

lactation. Reproductive cost increases in the short-term because 
of higher cost of improved reproduction and increased number of 
eligible cows due to lower TR. The reproductive culling increases 
due to a larger base number of eligible animals, which resulted from 
the lower TR. At this time, the effects of improved reproduction are 
not realized. Around mo 12, due to better reproduction, more cows 
start calving consecutively. Therefore, progressively increased 21-d 
PR makes few differences regarding stages of lactation and net 
return and slightly increases by $2/cow per mo (Figure 6), which 
is in favor of stable net return. As the simulation progresses, the 
benefits of reproductive success start manifesting. These were 
reflected in less reproductive cost, less reproductive culling, more 
offspring, and more cows in earlier stages of lactation. The time 
lag of reproduction between the implementation of a program and 
realization of economic benefits was then revealed, in-line with 
previous studies [8,29,31]. 
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Table 5: The short-term herd statistic and economic differences between the baseline scenario and progressive managerial 
interventions (target values of 40% 21-d pregnancy rate, 25% turnover rate, and 44% voluntary culling rate achieved in mo 
34 of simulation) at specified month (6, 12, 24, 36, respectively).

The Difference with the Baseline at Specified Month

6 12 24 36

Herd Statistics

Herd structure by adult and youngstock, %

Adults 0.0 (0.0%) +0.5 (+0.9%) +2.7 (+4.8%) +5.4 (+9.7%)

Youngstock +0.0 (+0.0%) -0.5 (-1.1%) -2.7 (-6.1%) -5.4 (-12.2%)

Herd structure by lactating and dry, %

Lactating cows -0.1 (-0.1%) -1.8 (-2.0%) -3.6 (-4.0%) -3.8 (-4.2%)

Dry cows +0 (+0.7%) +2 (+19.3%) +4 (+38.3%) +4 (+40.7%)

Herd Structure by Lactation, %

1st lactation -0.7 (-1.5%) -4.0 (-8.0%) -19.0 (-38.1%) -25.9 (-51.7%)

2nd lactation +0.3 (+1.2%) +1.8 (+6.7%) +6.5 (+23.9%) -1.5 (-5.6%)

3rd and greater lactation +0.4 (+1.9%) +2.2 (+9.7%) +12.5 (+54.8%) +27.4 (+119.7%)

Lactating Herd Structure by Lactation1, %

Early stage of lactation (<60 DIM) -0.7 (-3.7%) -0.4 (-2.4%) +0.2 (+0.9%) +0.6 (+3.3%)

Peak stage of lactation (60-90 DIM) -0.1 (-1.7%) -0.4 (-4.6%) +0.2 (+1.9%) +0.6 (+7.3%)

Middle stage of lactation (90-150 DIM) 0.0 (-0.1%) -0.4 (-2.3%) +0.7 (+4.3%) +1.6 (+9.6%)

Late stage of lactation (>150 DIM) +0.8 (+1.5%) +1.2 (+2.1%) -1.0 (-1.8%) -2.8 (-5.0%)

Other

Replacement balance2, head/mo +4.4 (+60.2%) +10.5 (+141.6%) +20.0 (+270.1%) +15.0 (+203.3%)

Lactating herd DIM1, d +2.1 (+1.1%) +2.6 (+1.4%) -9.3 (-5.0%) -16.9 (-9.0%)

Herd average lactation +0.0 (+0.8%) +0.1 (+4.1%) +0.4 (+19.7%) +0.8 (+37.1%)

Herd average longevity3, mo +0.4 (+0.8%) +2.0 (+4.1%) +9.6 (+19.7%) +18.1 (+37.0%)

Economic value, $/mo

Revenue

Milk sales -291 (-0.1%) -6,459 (-1.8%) -2,046 (-0.6%) +4,687 (+1.3%)

Salvage from non-reproductive cull -3,700 (-14.8%) -7,925 (-31.7%) -12,971 (-51.9%) -12,191 (-48.8%)

Salvage from reproductive cull +141 (+1.9%) -525 (-7.0%) -3,385 (-44.9%) -4,779 (-63.3%)

Bull calf sales +13 (+0.8%) +301 (+18.1%) +633 (+38.1%) +681 (+41.0%)

Calf and heifer culling sales +0 (+0.0%) +407 (+31.7%) +727 (+56.6%) +699 (+54.4%)

Springer sales - 3,809 15,585 9,464

Expense

Adult feed cost +87 (+0.1%) -552 (-0.4%) +1,680 (+1.4%) +3,382 (+2.7%)

Reproductive cost +811 (+11.4%) +775 (+10.9%) -727 (-10.2%) -667 (-9.3%)

Calf and heifer feed cost +22 (+0.1%) -289 (-0.7%) -2,571 (-6.1%) -6,553 (-15.6%)

Springer costs -5,518 (-60.2%) -9,162 (-100.0%) -9,162 (-100.0%) -9,162 (-100.0%)

Other adult costs4 -77 (-0.1%) -1,711 (-1.8%) -542 (-0.6%) +1,241 (+1.3%)

Other calf and heifer costs5 +12 (+0.0%) -991 (-3.6%) -3,318 (-12.1%) -5,679 (-20.8%)

Net return6 +828 (+0.9%) +1537 (+1.7%) +13183 (+14.3%) +15999 (+17.4%)

Net return, per cow +1 (+0.9%) +2 (+1.7%) +13 (+14.3%) +16 (+17.4%)
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1Dry cows excluded. 
2The difference of springers required and produced on the farm.
3Based on that the average mo at first calving was 23.2.
4Other adult costs include veterinary, bedding, marketing, custom services, energy, repairs, interest on operating capi-
tal, and hired labor. These costs based on a farm size from 1,000 to 1,999 cows (USDA–ERS, 2016).
5Other calf and heifer costs include labor, veterinary, housing, and interest on operating capital (Overton, 2019). 
6Net return=revenues-expenses.

Sensitivity analysis
The net return sensitivity for prices and costs relative to the 

baseline scenario under the current market assumption ($92/
cow per mo) for the baseline herd and 4 managerial interventions 
are shown in Figure 7. As expected, milk price makes the most 
significant difference in net return, ranging from $177 to $199/
cow per mo when increased by 50% for the baseline herd and 
all managerial interventions. The difference in net return for the 
extreme treatments is relatively small ($22 or 12.4% more from 
the worst to the best treatment). Comparisons between managerial 
treatments follows the same pattern as stated in previous sections. 
When springer price decreases and increases by 50%, it ranges 
from $0 to $1860, which is less than the on-farm springer rearing 
cost (the cost of raising a calf/heifer from birth to freshening was 
approximately $2,000). In this case, the combined strategy “25TR-
40PR-44VCC” has the greatest net return among all treatments. 
The springer price has no impact on the intervention because of 
self-sufficient of springer supply. Reduction in net return of other 
treatments is because surplus heifers fails to be transformed 
into more valuable assets. In the situation where springer price 

decreases, the baseline scenario with 45% TR and 16% 21-d PR 
is the second most profitable, which indicates insufficient on-farm 
heifer supply could be complemented by off-farm heifer sources 
at a low cost. When springer price doubles ($2,480), farms could 
improve profit by selling extra springers. Combining 25% TR and 
40% 21-d PR (25TR-40PR) becomes the most profitable treatment 
due to reduced replacement heifer demand and boosted heifer 
production. Similarly, heifer rearing cost, the opposite aspect of 
springer price, is greatest for “25TR-40PR-44VCC” strategy when 
being increased and decreased by 50%. Increasing heifer rearing 
cost by any level leads to smaller net return compared with the 
baseline scenario. When heifer rearing cost is reduced by more than 
50%, on-farm springer rearing cost becomes lower than the default 
springer price ($1,240), for which raising more heifers and selling 
extra springers could be profitable. Net return seems less sensitive 
to the salvage price compared with milk price and springer price. 
When salvage price increased by 100%, the baseline herd (45% 
TR and 16% 21-d PR) had a greater net return in comparison with 
lower TR (25%). At such high salvage price, 40% 21-d PR fails to 
help 25% TR increase net return unless culling extra heifers (Figure 
8). 

Figure 7: Comparison of net present value (NPV, $/cow; discount rate = 4%/yr) with abrupt (gray continuous 
line) and progressive (black and dashed line) changes of the combined managerial changes (25% TR, 40% 21-d 
PR, and 44% VCC).
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Figure 8: Net return ($/mo per cow) for the baseline herd (Baseline; 45% turnover rate, 16% 21-d pregnancy rate 
and 0% voluntary calf culling rate at 2 mo of age) and 4 managerial interventions under distinct market scenar-
ios. Managerial interventions were: 25TR=25% turnover rate; 40PR=40% 21-d pregnancy rate; 25TR-40PR=25% 
turnover rate and 40% 21-d pregnancy rate; 25TR-40PR-44 VCC=25% turnover rate, 40% 21-d pregnancy rate 
and 44% voluntary calf culling at 2 mo of age. The net return for the baseline herd under current market condi-
tions, $92/cow per mo, is set as reference for other scenarios.

Whether to cull or not-to-cull calves depends highly on the 
relationship between springer price and heifer rearing cost. Thus, as 
a follow-up analysis, we set an optimization algorithm to maximize 
the net return by selecting the optimal VCC within previously 
predefined plausible ranges from 0 to 100%. The optimal VCC that 
maximized net return was 100% when the cost of raising a heifer 
from birth to freshening is greater than the market springer price, 
and 0% when the latter outnumbers the former. However, it is likely 
many farms would choose to raise at least the minimum number of 
heifers for herd turnover considering biosecurity and sustainability 
concerns under any market conditions.

Limitations
As in other simulation studies, some limitations of our model 

and study need to be recognized. One limitation is the predefined 
culling distribution module [1], which is based on the historical 
involuntary culling data similar to [19]. A higher probability of 
involuntary culling occurs in early and late lactation and varies 
by lactation, which is reasonable. However, this type of module 
does not include possible culling strategies farmers might use. 
For example, some farmers would strive for keeping primiparous 
cows over multiparous cows. In our study, TR was proportionally 
changed, which limited the potential custom culling that could 
impact the herd structure. Another limitation was our monthly 
model framework that could not reproduce many reproductive 
scenarios precisely as they nowadays occur [1]. Nevertheless, our 
focus was to generally understand the impacts of reproduction 
on herd structure and farm economics, rather than comparing a 
variety of breeding programs in other studies. Nevertheless, we 
envision that the model will become a practical decision-making 

tool, which needs less inputs but provide enlightening insights 
and quantitative conclusions for commercial dairy farms [32-36]. 
Also, we acknowledge that there could be other opportunities to 
better simulate a dairy farm such as including seasonality, health, 
and genetics. Incorporation of semen combination of all types into 
a simulation model might be one important direction for future 
modeling. For example, Li and Cabrera [5] reported farms using 
solely female-sorted sexed semen to produce replacements and 
beef semen brought extra revenues, which could make a significant 
difference in the herd structure dynamics and optimal farm 
profitability.

Conclusion
Reproduction and turnover rate are two major factors of a 

dairy herd with essential impacts on farm profitability, which are 
first reflected in herd structure dynamics. Herd structure provides 
weighted economic values that greatly influence farm economics. 
Herd structure could be a critical key performance indicator for 
commercial dairy farms to monitor herd evolution and account for 
economic performance. The optimal herd structure is a joint result 
of reproduction and culling policies. In general, and under current 
market conditions, farms with better reproduction performance, 
lower herd turnover, tailored calf culling, and raising only required 
replacements, are more profitable. To eliminate enormous volatility 
in farm economic performance in response to drastic reproductive 
or replacement changes, combined managerial interventions 
could be implemented progressively. The model described in 
this manuscript is envisioned to become a user-friendly decision 
support tool.
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