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Abstract: This study addresses the challenge of subjective remounting decisions in calf and heifer
rearing, typically driven by the animal caretaker’s feelings and experience, lacking a robust data
foundation. Key factors such as developmental delays, diseases, or rearing problems often go
unnoticed or are forgotten due to the number of animals. To address this gap, an established state-of-
the-art sensor network captures behavioral data during rearing, which is supplemented by manually
collected data. This facilitates a novel decision network providing well-founded recommendations
to the animal owner regarding whether to retain or cull an animal. The approach focuses on four
key areas: colostrum supply, milk intake, weight development, and disease history during the
rearing time of each individual, offering a transparent decision path for the use of each future cow.
Introducing a standardized decision-making approach, the proposed approach enables an efficient,
transparent, and targeted management strategy, contributing to the sustainable enhancement of the
health and performance of calves and heifers. Additionally, it allows for the comparison of the growth
trajectories of different animals over time. Notably, individual and transparent decisions can be made
at each growth stage, enhancing the overall decision-making process in calf and heifer rearing.

Keywords: calf rearing; animal husbandry; heifer management; standardization; farm management;
advisor tool; dairy cattle

1. Introduction

In animal husbandry, digital technologies such as feeding systems, automatic lameness
or estrus detection, and automatic milking systems with milk analysis capabilities are
increasingly making their way, especially in the context of modern dairy cattle management.
Milk data, digital fertilization management, and monitoring of barn climate are widespread
practices, as well as automatic disease detection [1]. These technologies are applied in the
management of adult dairy cows. However, detailed data collection during the calf and
heifer rearing period is either unavailable or limited, despite this time forming the basis
for the later performance of dairy cows. To address this data gap, a state-of-the-art sensor
network was established in the barn to continuously collect developmental data. These data
are now intended to be used through standardization for the evaluation of animal rearing
and to ultimately provide the animal caretaker with selection recommendations based on
solid data. The resulting targeted management strategy aims to facilitate decisions for the
animal caretaker and fill a gap in daily farm operations.

1.1. Current State of Art for Adult Dairy Cows

For adult dairy cows, large amounts of individual animal data are already being col-
lected for various purposes, leading the way to precision dairy farming [2,3]. This includes
the objective recording and utilization of feed and water intake [2,4–6], rumination activ-
ity [5,7], movement activity [8,9], evaluation of animal welfare [10,11], detecting general or
specific changes in behavior [12,13], and indicating changes in the animal’s health [2,14–16].
This data collection can be largely automated, such as during the milk test directly after
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milking [17], camera systems evaluating lameness [18,19] and body condition [20], or
algorithms detecting behavioral changes. For milk testing, as an example, sensors are
able to detect changes in milk conductivity, composition, or cell count and infer the onset
of diseases such as mastitis [21]. However, this situation contrasts during the calf- and
heifer-rearing periods.

1.2. Data Gap during the Calf- and Heifer-Rearing Periods

A largely different scenario unfolds during the calf-rearing period: only a few data
points, such as birthweight or milk intake, are collected. The calves are usually observed
when fed using a bucket, with a quick look over the herd. When an automatic feeding
system, in combination with a feeding box, is used, regular or daily control is not guaranteed
anymore, as the caretaker does not necessarily see the animals on a daily basis [22,23]. In calf
rearing, there are already some approaches, but they are rarely found in widespread use
on farms [24]. However, scientific testing of various technologies shows some promising
approaches. These include, for example, acceleration sensors [25,26], which monitor animal
activity and can distinguish between walking, standing, and lying down, or feeding
stations [27], which detect milk intake and related factors and can infer diseases from
changes in milk intake [28]. Additionally, the use of camera or acoustic systems is currently
being investigated to infer changes in animal behavior and thus detect diseases early and
automatically [24].

For the time heifers, it is even worse: on commercial farms, little to no data is collected
or stored for later evaluation, and the animal control has to be entirely conducted manually
by the caretaker [23]. There are also hardly any technologies practically implemented on
farms. Among these, rumen boluses, which are also used for dairy cows, are being more
precisely tested to analyze rumination activity, feed, and water intake [29]. Additionally,
documentation of weight development is one of the few information points about the
animal’s progress during the heifer period, primarily used to determine if the animal
has reached a certain target weight and is ready for the first insemination [30]. Modern
approaches use 3D cameras to estimate the weight development of heifers on a daily basis,
as they have been tested for weight estimation of dairy cows [31,32]. These cameras can
provide reliable results without physical contact between the farmer and the animal, thus
detecting the animal’s development throughout the rearing process.

Fundamentally, technologies developed so far are mostly available for adult dairy
cows [33], while on commercial farms, digital monitoring of calves is still limited, and
monitoring of heifers does not take place at all, even though some fundamental research
is available and certain approaches seem to be marketable. Considering that the period
of calves and heifers forms the basis for later productivity and profitability as a mature
dairy cow, improved health at a young age has a significant impact on the animal’s devel-
opment [34,35]. During these periods, a healthy milk supply, gradual weaning, a healthy
intake of water and feed [36], as well as the absence of diseases, are crucial aspects that
the caretaker must ensure. Not only is the appropriate milk and later solid feed supply
important for healthy growth, but through regular checks of the animals, it can be ensured
that diseases are avoided, and there is no developmental disorder or delay in the animals.
Good professional practice requires conducting regular animal inspections with a certain
level of attention to ensure the optimal health and development of calves and heifers and
treating the animals in a sympathetic way regarding the standards of animal welfare [37,38].

As Figure 1 shows, through specially developed sensors and adaptation of the sensor
technology used for adult dairy cows, a state-of-the-art sensor network is established in the
stable, and the development of calves and heifers can be documented entirely, closing this
existing data gap [39].
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1.3. Decision-Making for Selection

Selection decisions on farms are traditionally made by the livestock owner. This can
involve a proven scheme where records of growth are used. Typically, decisions are made
without the use of extensive data, as would be available through sensors. This leads to
uncertainty, making decisions based on intuition rather than objective criteria for optimizing
farm operations. A more advanced technology is breeding using genetic evaluation and
breeding programs, which enhances desirable traits such as milk production, milk quality,
reproductive efficiency, longevity, and disease resistance. Through these programs, the aim
is to produce a more efficient, productive, and sustainable herd that meets the needs of the
dairy industry while ensuring animal welfare [40].

Especially for small farms and on-farm breeding, a novel decision-making network
can provide a solution, issuing decision recommendations based on defined algorithms
using the established data foundation. Here, the data collected through the state-of-the-art
sensor network provide an opportunity to assess the raised animals based on their growth
and development using a newly developed algorithm. Ultimately, this offers a data-based
recommendation to the user about the retention or culling of an animal.

2. Materials and Methods

The first prototype for a digital decision support system for the selection of calves and
heifers was created using the online low-code platform bubble.io [41], marking progress
in the integration of digital technologies in dairy cattle rearing. When using bubble.io,
a system is employed that allows programming without deep knowledge of computer
science, simultaneously providing a user-friendly interface. This helps create an appealing
interface for the first prototype without further time requirements. For the programming
of the envisioned decision support system, it is necessary to store collected farm data,
benchmark values, and numerous individual animal data related to the individual farm and
animal if there is no integration with existing cloud services (e.g., CalfCloud [42]). For the
development of a prototype, the paid ‘Starter Plan’ subscription of bubble.io is chosen,
providing features such as file import in CSV format, the ability to create API interfaces, an
online version of the app for remote access from various devices, and automatic storage of
an online backup in case of server issues.

2.1. Research Stables and Initial Data Aquisition

Three research stables located in different regions of Germany were equipped with
a large sensor system for quantitative data acquisition. Stable 1 with 62 animals in the
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project, is located at an elevation of 259 m in southern Rhineland–Palatinate. Stable 2,
with 270 animals in the project, is in Brandenburg at an elevation of 87 m. Stable 3 with
96 animals in the project, is in southern Baden–Württemberg at an elevation of 531 m. Data
collection and analysis are planned until the end of the project, aiming to detect regional
climate influences on calf health and development.

2.2. Evaluation of Animal Development

To evaluate the development of an animal, four key areas are essential for a healthy
upbringing, and an individual index for each key area is established: sufficient colostrum
intake as it is the initial supply of immunoglobulins to build up a proper immune system;
further milk intake throughout the weaning period; weight development from the birth-
weight until the first calving as an adult cow and beyond; the occurrence of diseases in every
stage of life. Those four aspects are individually evaluated to generate a comprehensible
rating of the animals’ development and make it comparable to other animals on the farm.

2.2.1. Colostrum Intake

An adequately large and preferably early colostrum intake after birth is undisputedly
one of the most crucial factors for the healthy basic immunization of a calf [43] and healthy
growth of the gastrointestinal tract of the animal. The colostrum intake cannot be detected
automatically and must, therefore, be recorded manually by the user of the system. This can
be performed digitally directly in the decision support system’s database, where the intake
quantity in liters (L), intake time defined as hours after birth (hab), and quality of colostrum
defined using percent Brix (%Brix) for the first colostrum are entered. The intake amount
in liters is therefore measured using the feeding bucket or milk bottle and calculating
the difference between the initial amount of milk in the bottle or bucket with a potential
leftover amount. For the feeding time, the time difference between the birth of the calf
and the beginning of the first colostrum intake is calculated and stored in ‘hours after
birth’. Finally, for a proper evaluation of the colostrum quality, a refractometer is used for
proper estimation. These values are used for the evaluation of the first colostrum, which is
most important for the initial immunization of the animal [44]. For an additional second
colostrum feeding, quantity, timing, and quality can also be recorded for further evaluation
using the same measures as the initial colostrum.

2.2.2. Milk Intake

Subsequently, the established sensor network automatically records the milk intake
during the entire feeding period when the calves are stationed at an automatic feeder
(feeding station VARIO, Förster-Technik GmbH) with automatic feeder for single-housed
calves (CalfRail, Förster-Technik GmbH, Engen, Germany) or feeding box for group-housed
calves (HygieneBox, Förster-Technik GmbH). Data can be directly accessed in real time
through integration with the CalfCloud service [42]. Depending on the sensor configuration,
in addition to milk quantity in milliliters (mL), additional factors such as feeding time in
minutes (min), suckling speed in milliliters per minute (mL/min), visits without entitlement
as a number (n), feeding interruptions as a number (n), and impact activity on the teat as
acceleration per minute and visit (mG/min/visit) can be recorded and used for further and
more precise evaluation.

2.2.3. Weight Development

Continuous weight assessments are conducted to evaluate the weight development of
an animal. Besides the birth weight (kg), which is determined immediately after calving
by the caretaker and recorded in the database, certain weights are essential throughout
the rearing process. Weighing should be conducted during the transition from individual
to group housing, at weaning, if possible, periodically, and at the first insemination at
the latest. For every weighting, the date (dd.mm.yyyy) and the weight in kilograms
(kg) are stored in the integrated database. This is necessary to track the animal’s weight
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development throughout its life and calculate its daily weight gain. During the feeding
period, a front hoof scale [45] built into the feeding box allows for periodical and automatic
weight determination every time the calf suckles milk. If such a scale is not available on
the farm, an alternative is to work with a (large) animal scale (Bosche animal scales “1-2-3
Einzeltierwaage ETW VA” for weights up to 300 kg and “RTW 2510” for weights up to
1500 kg) and manually add the necessary data to the integrated database through the input
form. For proper evaluation of the weight factor, it is subsequently necessary to store the
data in the database and ensure closed data chains.

2.2.4. Disease History

Disease assessment can be semi-automated, depending on the evaluated factor. The daily
movement activity is detected via a neck-collar sensor that measures the acceleration in hourly
units. Additionally, a manual health check based on a four-stage scale comparable to the
Wisconsin calf scoring system [23] via the CalfApp-VITAL [46] allows the recording of
changes in the nostrils, eyes, ear position, feces consistency, and breathing when there is
suspicion of illness. This generates a numerical between 0 and 20 for every day, evaluating
the animals’ condition, which can be used for analysis. If no evaluation via the CalfApp-
VITAL [46] is carried out, it is assumed that the overall condition of the animal is good, no
abnormality is detected by the caretaker, and a score of zero is established for the certain day
without evaluation. Additionally, long-term connections with herd management programs
aim to infer veterinary treatments in a standardized manner for inclusion in the evaluation,
but this will be processed in a later stage of the project. At this point, the inclusion of free
text inputs and notes is not possible and needs to be established. For further detection of
the animals’ feed and water uptake, a SmartWaterstation (Förster-Technik GmbH) and a
SmartConcentratefeeder (Förster-Technik GmbH) are used.

2.2.5. Data Storage and Transfer

Depending on the data collection area, the data are either directly retrieved from the
linked cloud (milk intake data) or stored locally in the prototype’s database (colostrum
data and weight data). Figure 2 shows the connection of the sensors with the cloud
service. The data transfer can take place without restrictions when an internet connection
is available.
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Figure 2. Positioning of the applied sensors: left—Hygiene box, middle—Smart concentrate feeder,
and right—Smart water station. All calves are equipped with the Smart Neckband. All sensors
are connected to a cloud for data storage and transferred to a computer for further evaluation
[own graphic].

2.3. Selection Recommendation for the Livestock Owner/Caretaker

Based on the previously described collected data, a comparison with predefined target
values can be conducted. The used target values align with current research findings as
well as the experiences of our cooperating research facilities and stables. Standardization
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eventually enables the independent evaluation and comparison of animals regardless of
external factors such as the daily fluctuation of the person evaluating the animals or changes
in outdoor and indoor climate. In the long run, farm-specific factors will be considered
and incorporated into the selection recommendation system, establishing a farm-specific
recommendation. An autonomous update of comparative data within the system and
manual adjustment of target values by the user should make it possible to optimize the
evaluation system on an animal- and farm-specific basis.

3. Results and Discussion

Replacement decisions are made differently on each farm and are usually not subject
to a fixed scheme. Often, farmers make decisions based on intuition and rarely rely on a
solid data foundation. In their decision-making process, farmers are often influenced by
a variety of complex factors that lead to an assessment of an animal [47]. This highlights
the clear need for a standardized system that supports farmers in their decision-making
and provides them with a well-founded and transparent recommendation based on a solid
data foundation. With this goal, a decision support system is being developed as part
of the described research project. Although some other approaches can be found in the
literature, none of them has reached market maturity or broad application. Early attempts
at standardizing decisions were made [48,49], with two management guidelines generally
recommended: profit after conception for insemination decisions and future profitability
for immediate replacement and veterinary treatment decisions. Early decisions should be
made based on profitability to simplify herd replacement. It was recommended to include
individual animal data, but the authors did not provide details on what these are and how
they should be evaluated. A modern decision system specifically developed for Slovak
conditions provides an economic recommendation for the herd to assist farmers in their re-
placement decisions [50]. The system also considers individual farm-specific characteristics,
strengths, and weaknesses. It performs an individual calculation of the needed animals
for breeding, issuing corresponding herd measures to the farmer. In comparison, the
system developed within the project uses individual animal data not only to calculate herd
replacement but also to provide targeted recommendations for the use of specific calves.
This leads to higher practicality, as farmers can recommend which animals are particularly
suitable for breeding based on their individual growth. Another decision support system
based on economic factors purely calculates the monetary value of an animal and models
farm-specific replacement decisions [51]. In this case, the entire herd is considered an
economic asset, and individual animal data and developments are disregarded, resulting
in a distortion of farm management. Considering individual animal factors is crucial for
decision-making.

In contrast to those previous attempts, the prototype developed in this project uses indi-
vidual animal data recorded using a previously adapted state-of-the-art sensor network [39]
for solid-based replacement recommendation. To evaluate the prototype’s suitability, it was
presented in several discussion rounds and assessed in an initial field test. The overall feed-
back was positive, identifying further adjustments needed for practical implementation,
which will be included in the continuing project.

3.1. Evaluation of the Core Areas

As previously described, four core areas are essential to evaluate the individual devel-
opment of an animal. These were individually examined and evaluated for functionality.
The assessment of milk intake during the calf-rearing period can be positively evaluated, es-
pecially the seamless integration of cloud data through coupling via an API connection with
the existing technology, the CalfCloud [42], which is suitable for accurate animal evaluation.
Here, the factors of milk retrieval quantity, feeding without interruptions, visits without
feeding interruptions, and suction speed represent the core evaluation. The milk intake
quantity is oriented towards the drinking plan’s defined drinking quantity, as shown in
Figure 3. Feeding interruption is counted whenever the retrieved milk quantity falls below
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a defined threshold compared to the previous day. A feeding interruption is counted when
the provided milk quantity according to the drinking plan is not sufficiently retrieved, with
an exception for ad libitum feeding, which can be separately set. Suction speed describes
a change in the speed at which the milk is retrieved in the individual animal’s average
compared to previous days. A factor is then created from the individual factors through
an actual-target value comparison, indicating the milk index for evaluating milk intake
throughout the entire feeding period.
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Figure 3. Detected daily milk uptake for a defined calf in relation to the defined feeding plan [42].

Critical, yet unavoidable in many aspects, is the manual input of colostrum and weight
data. This can lead to errors and, consequently, inaccurate assessments if the data is not
meticulously recorded. Automation in the field of colostrum is challenging to implement
overall, as feeding occurs exclusively manually via buckets. It is conceivable to automati-
cally record the milking quantity during the milking of the mother cow, but this does not
provide final information about the calf’s intake quantity. An automated assessment of
colostrum quality, on the other hand, is conceivable and technically feasible immediately
after milking by incorporating a refractometer into the milk flow. Therefore, the diligent
entry of colostrum data by the user remains essential in the long run. Subsequently, a
comparison of actual and target values can be used to assess the calf’s colostrum supply
based on the entered data. If additional data on a second colostrum intake is available,
these can also be used, with a correspondingly defined weighting, to evaluate the overall
colostrum intake. Figure 4 shows the overview of the colostrum intake as it is displayed in
the prototype.
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The automation of weight detection, on the other hand, is more straightforward.
For instance, during the feeding period, a front hoof scale integrated into the feeding
station can determine the weight for each milk retrieval, establishing a daily average
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value with a high standard of accuracy [45]. This ensures a highly accurate detection of
weight development, allowing for reliable inference of disturbances or changes in animal
development. The post-weaning period poses a greater challenge since regular visits to
a feeding station no longer occur. One possibility is to integrate a front hoof scale into a
concentrate feeding station during this time. This creates a comparable data chain to the
feeding phase, allowing a reliable inference of the animal’s further weight development.
In the absence of these technologies on a farm, manual entry of weight development into
the linked database is the only option. To simplify this process, an integrated input page can
be used, minimizing additional effort for the end-user. Manual weight recording includes,
most importantly, the birth weight, which serves as the baseline for weight development
and is a crucial evaluation factor. Additionally, weights such as weaning weight and first
insemination weight should be recorded. Further intermediate weighing, such as those for
transitioning from individual to group housing, at 100, 200, and 300 days of life, provide
a more accurate representation and evaluation of weight development. This ensures that
the user can get a detailed display of the weight development of every single animal, as
Figure 5 shows. Long-term efforts should focus on finding a practical and reliable method
for easily detecting developmental weight.
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Based on regular weighing, the average daily weight gain of the animals can be
calculated and presented graphically to the user (compare Figure 6), creating comparability
among the animals. In the long term, this allows for the depiction of a farm-specific
average development of the animals, serving as a benchmark for the daily weight gain of
the animals.

The partially numerical evaluation of an animal’s disease history is a good approach to
indicate this complex field through an index. The existing assessment scheme according to
the four-stage scale comparable to the Wisconsin calf scoring system [23] via the CalfApp-
VITAL (visualized in Figure 7) can be utilized to create a numerical assessment of nostrils,
eyes, ear position, feces consistency, and breathing. This assessment is further employed
using the established point system for additional analysis. Additionally, the movement
activity recorded via the collar sensor in the form of hourly acceleration values is a well-
quantifiable measure. A comparison with previous days allows inference about changes
in animal activity. For both measures, a re-evaluation through an updated comparison of
actual and target values can generate a disease index. However, the integration of veterinary
findings, inherently non-numerically quantifiable, poses a significant challenge in the
ongoing project. A potential solution may involve linking to existing farm management
information programs to retrieve treatment information and initially assess it categorically
as ‘treatment’. Establishing a classification of various diseases is also conceivable in the
long term, allowing for some differentiation and preventing a blanket ‘poor’ rating for
an animal treated in a less severe case. In this core area, further development is still



Agriculture 2024, 14, 272 9 of 15

needed. There are certain sensor technologies that might add additional use to the already
existing system, improving its standardization and evaluation of an animal. However,
the area of disease detection in dairy cattle gives numerous opportunities for additional
technologies that could be adjusted to the needs of calves and heifers [10]. An additional
factor that can be considered for the assessment of animal health is the integration of the
barn climate and other quantifiable external influences [53], which should be considered in
the long run for the project. In Germany, especially during the summer, heat stress plays
a significant role in animal well-being and development [54], while cold stress is not a
necessary factor. The additional documentation of temperature changes in the barn can
serve as an additional assessment factor, providing insights into whether early measures
need to be taken for the well-being of the entire offspring. Data can be related to the entire
herd, allowing the detection of overall operational changes that can be comprehensively
included in the evaluation.
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3.2. Established Standardized Evaluation Scheme

As initially described, a standardized evaluation scheme for replacement decisions
is needed for board application on dairy farms. In this project, the evaluation of animals
in the four aforementioned core areas is based on a numerical actual versus target value
comparison. This assessment can take place directly on the used low-code platform,
allowing real-time evaluation of each animal at any stage of its life. A robust benchmark
was defined by comparing the stored target values in a database, aligning with current
research, scientific knowledge, and experiences from collaborating experimental farms.
Continuous adjustment of this benchmark occurs through comparisons with additional
literature and ongoing research in relevant areas, ensuring the long-term relevance of the
system. The individually recorded actual values for each animal can be accessed at any
time for comparison. While the colostrum index is defined no later than after the second
colostrum intake and remains unchanged, the milk index continuously changes throughout
the entire nursing period and can be updated and accessed daily based on daily milk
intake. After weaning, similar to the colostrum index, the milk index becomes fixed and
unalterable. In contrast, the weight index remains adjustable throughout the entire animal
development. It can be updated after each re-weighing of the animal, allowing for a new
assessment of weight development depending on the animal’s age. Initial target values for
the birth, weaning, and first insemination of the corresponding dairy breed were predefined,
framing the growth comparison. Birth weight, a significant part of weight evaluation, is
aligned with these factors for an actual versus target value comparison, resulting in the
weight index. The disease index can also be determined through an actual versus target
value comparison with defined parameters. Unlike other indices, the assessment scheme
is partially reversed here, interpreting a missing evaluation through CalfApp-VITAL as
the absence of a need for assessment due to the lack of a diagnosis. Lastly, the change in
the animal’s activity can be assessed using the default, comparing changes to individual
behavior in the preceding days without a fixed target value. This allows for the individual
assessment of each animal.

Overall, the assessment scheme using an actual versus target value comparison is
very well-suited for the intended purpose. The system’s actuality is fully ensured through
partial individual changes and adjustable or self-changing target values.

3.3. Rearing Recommendation for the User

The output of the selection recommendation for the animal owner is subsequently
provided through a simple traffic light system. The four previously defined individual
indices are combined to form an overall index that assesses the growth of an animal
(compare the decision tree in Figure 8). The severity of the assessment ultimately determines
the allocation of red, yellow, or green light, directly informing the animal owner about
the suitability of the individual animal based on its specific growth (compare Figure 9a).
Regarding the traffic light system, an animal evaluated with a red light is not recommended
for further breeding; an animal evaluated with a yellow light might be chosen for further
breeding but is not ideal, while an animal evaluated with a green light meets the set
requirement and should be considered for further breeding. The four individual indices are
equally valued to calculate the overall index. The standardized animal assessment created
in this way also enables comparability between individual animals, even if they are in
different stages of development. If necessary or desired, the animal owner has the option
to examine the individual aspects of growth in detail, allowing for a clear understanding of
the selection recommendation (compare Figure 9b). Regarding the individual traffic lights
for the four indices, an animal evaluated with a red light does not meet the requirements,
and an animal evaluated with a yellow light is close to the requirements, an animal
evaluated with a green light meets the requirements or lies above them. Here, for the
overall indices, the optimum to reach for a breeding recommendation would be 100%.
An animal with a tolerance of 5% is still evaluated as suitable for further breeding, while
an animal with a reduction of 15% or more is evaluated as not suitable for further breeding.
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Additionally, there is a long-term goal to enable animal owner to individually adjust the
target values to the operational standard, allowing the evaluation scheme to provide an
intelligent assessment of the animal. The individually calculated scores for each animal can
be compared separately, ensuring comparability among the animals (compare Figure 10).
This allows the livestock owner to make informed decisions regarding the further use of
the animal and, if necessary, to access additional details about the animal’s development.

Agriculture 2024, 14, x FOR PEER REVIEW 11 of 17 
 

 

3.3. Rearing Recommendation for the User 
The output of the selection recommendation for the animal owner is subsequently 

provided through a simple traffic light system. The four previously defined individual 
indices are combined to form an overall index that assesses the growth of an animal (com-
pare the decision tree in Figure 8). The severity of the assessment ultimately determines 
the allocation of red, yellow, or green light, directly informing the animal owner about the 
suitability of the individual animal based on its specific growth (compare Figure 9a). Re-
garding the traffic light system, an animal evaluated with a red light is not recommended 
for further breeding; an animal evaluated with a yellow light might be chosen for further 
breeding but is not ideal, while an animal evaluated with a green light meets the set re-
quirement and should be considered for further breeding. The four individual indices are 
equally valued to calculate the overall index. The standardized animal assessment created 
in this way also enables comparability between individual animals, even if they are in 
different stages of development. If necessary or desired, the animal owner has the option 
to examine the individual aspects of growth in detail, allowing for a clear understanding 
of the selection recommendation (compare Figure 9b). Regarding the individual traffic 
lights for the four indices, an animal evaluated with a red light does not meet the require-
ments, and an animal evaluated with a yellow light is close to the requirements, an animal 
evaluated with a green light meets the requirements or lies above them. Here, for the overall 
indices, the optimum to reach for a breeding recommendation would be 100%. An animal 
with a tolerance of 5% is still evaluated as suitable for further breeding, while an animal 
with a reduction of 15% or more is evaluated as not suitable for further breeding. Addition-
ally, there is a long-term goal to enable animal owner to individually adjust the target values 
to the operational standard, allowing the evaluation scheme to provide an intelligent assess-
ment of the animal. The individually calculated scores for each animal can be compared 
separately, ensuring comparability among the animals (compare Figure 10). This allows the 
livestock owner to make informed decisions regarding the further use of the animal and, if 
necessary, to access additional details about the animal’s development. 

 
Figure 8. Decision tree for the evaluation of the growth of an animal. Figure 8. Decision tree for the evaluation of the growth of an animal.

Agriculture 2024, 14, x FOR PEER REVIEW 12 of 17 
 

 

 

 
(a) (b) 

Figure 9. Representation of the selection recommendation as a traffic light system: (a) overall assess-
ment; (b) assessment of individual core areas [52]. 

 
Figure 10. Comparison of the development scores for several animals on a specific farm [52]. 

Among the previously mentioned challenges, in addition to the farm-specific adapt-
ability, are individual software issues and the continuous comparison of target values 
with literature to ensure ongoing updates. After troubleshooting, an initial functionality 
test is planned. This practical test will allow testing the system’s performance under real 
conditions, identifying further weaknesses, and improving the prototype. The integration 
of several additional information sources is possible in the long run. This includes the 
evaluation of breeding data from the mother and father animals and further sensor tech-
nologies available on the market. 

3.4. Further Scientific Research 
From a scientific perspective, the extensive collection of animal data provides an in-

teresting foundation for further analysis. If the system can be established on a wide range 
of agricultural farms, and farmers permit the continued use of the data, it could, for ex-
ample, reveal correlations between diseases in various life stages of an animal and its later 
milk performance. This could lead to a more precise decision recommendation, as addi-
tional factors can be considered in the final evaluation based on the insights gained. For 
further refinement of the animal evaluation, the integration of additional data is conceiv-
able. For example, the use of rumen boluses may be suitable for detailed assessment of 
rumination activity, as well as for determining water intake. These two factors are partic-
ularly interesting during the heifer rearing period, as otherwise, the data availability is 
relatively sparse. In addition, the integration of climate data from the barn can provide 

Figure 9. Representation of the selection recommendation as a traffic light system: (a) overall
assessment; (b) assessment of individual core areas [52].



Agriculture 2024, 14, 272 12 of 15

Agriculture 2024, 14, x FOR PEER REVIEW 12 of 17 
 

 

 

 
(a) (b) 

Figure 9. Representation of the selection recommendation as a traffic light system: (a) overall assess-
ment; (b) assessment of individual core areas [52]. 

 
Figure 10. Comparison of the development scores for several animals on a specific farm [52]. 

Among the previously mentioned challenges, in addition to the farm-specific adapt-
ability, are individual software issues and the continuous comparison of target values 
with literature to ensure ongoing updates. After troubleshooting, an initial functionality 
test is planned. This practical test will allow testing the system’s performance under real 
conditions, identifying further weaknesses, and improving the prototype. The integration 
of several additional information sources is possible in the long run. This includes the 
evaluation of breeding data from the mother and father animals and further sensor tech-
nologies available on the market. 

3.4. Further Scientific Research 
From a scientific perspective, the extensive collection of animal data provides an in-

teresting foundation for further analysis. If the system can be established on a wide range 
of agricultural farms, and farmers permit the continued use of the data, it could, for ex-
ample, reveal correlations between diseases in various life stages of an animal and its later 
milk performance. This could lead to a more precise decision recommendation, as addi-
tional factors can be considered in the final evaluation based on the insights gained. For 
further refinement of the animal evaluation, the integration of additional data is conceiv-
able. For example, the use of rumen boluses may be suitable for detailed assessment of 
rumination activity, as well as for determining water intake. These two factors are partic-
ularly interesting during the heifer rearing period, as otherwise, the data availability is 
relatively sparse. In addition, the integration of climate data from the barn can provide 

Figure 10. Comparison of the development scores for several animals on a specific farm [52].

Among the previously mentioned challenges, in addition to the farm-specific adapt-
ability, are individual software issues and the continuous comparison of target values
with literature to ensure ongoing updates. After troubleshooting, an initial functionality
test is planned. This practical test will allow testing the system’s performance under real
conditions, identifying further weaknesses, and improving the prototype. The integra-
tion of several additional information sources is possible in the long run. This includes
the evaluation of breeding data from the mother and father animals and further sensor
technologies available on the market.

3.4. Further Scientific Research

From a scientific perspective, the extensive collection of animal data provides an
interesting foundation for further analysis. If the system can be established on a wide
range of agricultural farms, and farmers permit the continued use of the data, it could, for
example, reveal correlations between diseases in various life stages of an animal and its
later milk performance. This could lead to a more precise decision recommendation, as
additional factors can be considered in the final evaluation based on the insights gained.
For further refinement of the animal evaluation, the integration of additional data is
conceivable. For example, the use of rumen boluses may be suitable for detailed assessment
of rumination activity, as well as for determining water intake. These two factors are
particularly interesting during the heifer rearing period, as otherwise, the data availability
is relatively sparse. In addition, the integration of climate data from the barn can provide
further insight into the welfare of the herd and be included in the evaluation. Considering
days with heat stress during the rearing time could form an additional factor. Initial
research in this field has already shown that respiratory diseases in the first eight weeks of
life have a measurable impact on the later milk performance of dairy cows, with a larger
sample recommended for a conclusive statement [55]. Such and similar studies would be
conceivable and feasible through widespread adoption and data collection in the long term.

4. Conclusions

The integration of digital sensor technologies and state-of-the-art sensors into agricul-
ture holds great potential for more precise and sustainable practices. This applies equally
to dairy cattle farming and the rearing of young animals. When considering data collection
during the calf and heifer period, a significant data gap, especially during the heifer period,
can be identified and addressed using the presented sensor network. The further processing
of data in the form of a data-driven decision support system for animal owners on whether
to retain or cull an animal is novel and not currently available in a comparable manner in
the market. The current status of the prototype represents an innovation for young animal
rearing in dairy cattle farming, with the target value comparison providing a simple and
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understandable scheme to make data-driven and transparent recommendations. There is
long-term potential for further improvement to optimally support the animal owner in
their work, provide standardized recommendations, and make optimal decisions from a
business perspective. The successful development of the prototype in Calf and Heifer Net
represents a significant step toward data-driven decision-making in calf and heifer rearing.

Author Contributions: Conceptualization, F.R. and H.B.; methodology, F.R. and H.B.; software, F.R.;
validation, F.R. and H.B.; formal analysis, F.R.; investigation, F.R.; resources, H.B.; data curation, F.R.;
writing—original draft preparation, F.R.; writing—review and editing, F.R. and H.B.; visualization,
F.R.; supervision, H.B.; project administration, H.B.; funding acquisition, H.B. All authors have read
and agreed to the published version of the manuscript.

Funding: The project Calf and Heifer Net (CHN, 281C201A19) is supported by funds from the Federal
Ministry of Food and Agriculture (BMEL) based on a decision of the Parliament of the Federal
Republic of Germany via the Federal Office for Agriculture and Food (BLE) under the innovation
support program.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Besides the financial support, we, the authors, would like to acknowledge the
support of all involved persons and employees involved in the research stables, without whom the
project would not be possible. A special acknowledgment goes to Kathrin Ziegler, Thomas Förster,
Jürgen Plesse, Kira Hemmert, Helga Sauerwein, Morteza Ghaffari, Christian Koch, Jason Hayer, Felix
Leixner, and Constanze Ostendorf for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barkema, H.W.; von Keyserlingk, M.A.; Kastelic, J.P.; Lam, T.J.; Luby, C.; Roy, J.P.; LeBlanc, S.J.; Keefe, G.P.; Kelton, D.F. Invited

review: Changes in the dairy industry affecting dairy cattle health and welfare. J. Dairy Sci. 2015, 98, 7426–7445. [CrossRef]
[PubMed]

2. Liu, N.; Qi, J.; An, X.; Wang, Y. A Review on Information Technologies Applicable to Precision Dairy Farming: Focus on Behavior,
Health Monitoring, and the Precise Feeding of Dairy Cows. Agriculture 2023, 13, 1858. [CrossRef]

3. Lovarelli, D.; Bacenetti, J.; Guarino, M. A review on dairy cattle farming: Is precision livestock farming the compromise for an
environmental, economic and social sustainable production? J. Clean. Prod. 2020, 262, 121409. [CrossRef]

4. Chizzotti, M.L.; Machado, F.S.; Valente, E.E.L.; Pereira, L.G.R.; Campos, M.M.; Tomich, T.R.; Coelho, S.G.; Ribas, M.N. Technical
note: Validation of a system for monitoring individual feeding behavior and individual feed intake in dairy cattle. J. Dairy Sci.
2015, 98, 3438–3442. [CrossRef] [PubMed]

5. Ruuska, S.; Kajava, S.; Mughal, M.; Zehner, N.; Mononen, J. Validation of a pressure sensor-based system for measuring eating,
rumination and drinking behaviour of dairy cattle. Appl. Anim. Behav. Sci. 2016, 174, 19–23. [CrossRef]

6. Schäffler, M.; Harms, J. Möglichkeiten der Digitalisierung Nutzen: Futter und Fütterung/Tierhaltung; Schriftenreihe 1/2018, Grub,
2018; Bayerische Landesanstalt für Landwirtschaft: Freising, Germany, 2018. Available online: https://www.lfl.bayern.de/mam/
cms07/publikationen/daten/schriftenreihe/fachveranstaltung-nutztzierhaltung-basis-landwirtschaft-bayern-100-jahre-grub_
lfl-schriftenreihe.pdf (accessed on 1 September 2023).

7. Zehner, N.; Niederhauser, J.; Nydegger, F.; Grothmann, A.; Keller, M.; Hoch, M.; Haeussermann, A.; Schick, M. Validation of a
New Health Monitoring System (RumiWatch) for Combined Automatic Measurement of Rumination, Feed Intake, Water Intake
and Locomotion in Dairy Cows. 2012. Available online: https://www.researchgate.net/profile/nils-zehner/publication/30
8507116_zehner_et_al_2012_validation_of_rumiwatch_cigr-ageng-2012/links/57e50ed408ae7c90cefc2594/zehner-et-al-2012
-validation-of-rumiwatch-cigr-ageng-2012.pdf (accessed on 1 September 2023).

8. Vázquez Diosdado, J.A.; Barker, Z.E.; Hodges, H.R.; Amory, J.R.; Croft, D.P.; Bell, N.J.; Codling, E.A. Classification of behaviour
in housed dairy cows using an accelerometer-based activity monitoring system. Anim. Biotelemetry 2015, 3, 15. [CrossRef]

9. Pavlovic, D.; Czerkawski, M.; Davison, C.; Marko, O.; Michie, C.; Atkinson, R.; Crnojevic, V.; Andonovic, I.; Rajovic, V.; Kvascev,
G.; et al. Behavioural Classification of Cattle Using Neck-Mounted Accelerometer-Equipped Collars. Sensors 2022, 22, 2323.
[CrossRef] [PubMed]

10. Stygar, A.H.; Gómez, Y.; Berteselli, G.V.; Dalla Costa, E.; Canali, E.; Niemi, J.K.; Llonch, P.; Pastell, M. A Systematic Review on
Commercially Available and Validated Sensor Technologies for Welfare Assessment of Dairy Cattle. Front. Vet. Sci. 2021, 8,
634338. [CrossRef]

https://doi.org/10.3168/jds.2015-9377
https://www.ncbi.nlm.nih.gov/pubmed/26342982
https://doi.org/10.3390/agriculture13101858
https://doi.org/10.1016/j.jclepro.2020.121409
https://doi.org/10.3168/jds.2014-8925
https://www.ncbi.nlm.nih.gov/pubmed/25771061
https://doi.org/10.1016/j.applanim.2015.11.005
https://www.lfl.bayern.de/mam/cms07/publikationen/daten/schriftenreihe/fachveranstaltung-nutztzierhaltung-basis-landwirtschaft-bayern-100-jahre-grub_lfl-schriftenreihe.pdf
https://www.lfl.bayern.de/mam/cms07/publikationen/daten/schriftenreihe/fachveranstaltung-nutztzierhaltung-basis-landwirtschaft-bayern-100-jahre-grub_lfl-schriftenreihe.pdf
https://www.lfl.bayern.de/mam/cms07/publikationen/daten/schriftenreihe/fachveranstaltung-nutztzierhaltung-basis-landwirtschaft-bayern-100-jahre-grub_lfl-schriftenreihe.pdf
https://www.researchgate.net/profile/nils-zehner/publication/308507116_zehner_et_al_2012_validation_of_rumiwatch_cigr-ageng-2012/links/57e50ed408ae7c90cefc2594/zehner-et-al-2012-validation-of-rumiwatch-cigr-ageng-2012.pdf
https://www.researchgate.net/profile/nils-zehner/publication/308507116_zehner_et_al_2012_validation_of_rumiwatch_cigr-ageng-2012/links/57e50ed408ae7c90cefc2594/zehner-et-al-2012-validation-of-rumiwatch-cigr-ageng-2012.pdf
https://www.researchgate.net/profile/nils-zehner/publication/308507116_zehner_et_al_2012_validation_of_rumiwatch_cigr-ageng-2012/links/57e50ed408ae7c90cefc2594/zehner-et-al-2012-validation-of-rumiwatch-cigr-ageng-2012.pdf
https://doi.org/10.1186/s40317-015-0045-8
https://doi.org/10.3390/s22062323
https://www.ncbi.nlm.nih.gov/pubmed/35336494
https://doi.org/10.3389/fvets.2021.634338


Agriculture 2024, 14, 272 14 of 15

11. Simitzis, P.; Tzanidakis, C.; Tzamaloukas, O.; Sossidou, E. Contribution of Precision Livestock Farming Systems to the Improve-
ment of Welfare Status and Productivity of Dairy Animals. Dairy 2022, 3, 12–28. [CrossRef]

12. Huzzey, J.M.; Weary, D.M.; Tiau, B.Y.F.; Keyserlingk, M.A.G. von. Short communication: Automatic detection of social competition
using an electronic feeding system. J. Dairy Sci. 2014, 97, 2953–2958. [CrossRef]

13. Grinter, L.N. Validation of an Automated Behavior Monitoring Collar, and Evaluation of Heat Stress on Lactating Dairy Cow
Behavior with Access to a Free Choice Soaker. Master’s Thesis, University of Kentucky, Lexington, KY, USA, 2019. [CrossRef]

14. Wobschall, A.S. Sensorbasierte Analyse des Fress- und Wiederkauverhaltens von Kühen. 2018. Available online: https://edoc.
hu-berlin.de/bitstream/handle/18452/19902/dissertation_wobschall_annabell.pdf?sequence=5&isAllowed=y (accessed on
10 August 2022).

15. Gengler, N. Symposium review: Challenges and opportunities for evaluating and using the genetic potential of dairy cattle in the
new era of sensor data from automation. J. Dairy Sci. 2019, 102, 5756–5763. [CrossRef] [PubMed]

16. De Vries, M.; Bokkers, E.A.M.; Van Schaik, G.; Engel, B.; Dijkstra, T.; De Boer, I.J.M. Exploring the value of routinely collected
herd data for estimating dairy cattle welfare. J. Dairy Sci. 2014, 97, 715–730. [CrossRef] [PubMed]

17. Kaniyamattam, K.; De Vries, A. Agreement between milk fat, protein, and lactose observations collected from the Dairy Herd
Improvement Association (DHIA) and a real-time milk analyzer. J. Dairy Sci. 2014, 97, 2896–2908. [CrossRef]

18. Alsaaod, M.; Fadul, M.; Steiner, A. Automatic lameness detection in cattle. Vet. J. 2019, 246, 35–44. [CrossRef]
19. Poursaberi, A.; Bahr, C.; Pluk, A.; van Nuffel, A.; Berckmans, D. Real-time automatic lameness detection based on back posture

extraction in dairy cattle: Shape analysis of cow with image processing techniques. Comput. Electron. Agric. 2010, 74, 110–119.
[CrossRef]

20. Mullins, I.L.; Truman, C.M.; Campler, M.R.; Bewley, J.M.; Costa, J.H.C. Validation of a Commercial Automated Body Condition
Scoring System on a Commercial Dairy Farm. Animals 2019, 9, 287. [CrossRef] [PubMed]

21. Forsbäck, L.; Lindmark-Månsson, H.; Andrén, A.; Akerstedt, M.; Andrée, L.; Svennersten-Sjaunja, K. Day-to-day variation in
milk yield and milk composition at the udder-quarter level. J. Dairy Sci. 2010, 93, 3569–3577. [CrossRef] [PubMed]

22. Goodger, W.J.; Theodore, E.M. Calf Management Practices and Health Management Decisions on Large Dairies. J. Dairy Sci. 1986,
69, 580–590. [CrossRef]

23. McGuirk, S.M. Disease management of dairy calves and heifers. Vet. Clin. N. Am. Food Anim. Pract. 2008, 24, 139–153. [CrossRef]
24. Costa, J.H.C.; Cantor, M.C.; Neave, H.W. Symposium review: Precision technologies for dairy calves and management applications.

J. Dairy Sci. 2021, 104, 1203–1219. [CrossRef]
25. Roland, L.; Schweinzer, V.; Kanz, P.; Sattlecker, G.; Kickinger, F.; Lidauer, L.; Berger, A.; Auer, W.; Mayer, J.; Sturm, V.; et al.

Technical note: Evaluation of a triaxial accelerometer for monitoring selected behaviors in dairy calves. J. Dairy Sci. 2018, 101,
10421–10427. [CrossRef]

26. Trénel, P.; Jensen, M.B.; Decker, E.L.; Skjøth, F. Technical note: Quantifying and characterizing behavior in dairy calves using the
IceTag automatic recording device. J. Dairy Sci. 2009, 92, 3397–3401. [CrossRef] [PubMed]

27. Sutherland, M.A.; Lowe, G.L.; Huddart, F.J.; Waas, J.R.; Stewart, M. Measurement of dairy calf behavior prior to onset of clinical
disease and in response to disbudding using automated calf feeders and accelerometers. J. Dairy Sci. 2018, 101, 8208–8216.
[CrossRef]

28. Knauer, W.A.; Godden, S.M.; Dietrich, A.; Hawkins, D.M.; James, R.E. Evaluation of applying statistical process control techniques
to daily average feeding behaviors to detect disease in automatically fed group-housed preweaned dairy calves. J. Dairy Sci. 2018,
101, 8135–8145. [CrossRef] [PubMed]

29. Robles, V.; González, L.A.; Ferret, A.; Manteca, X.; Calsamiglia, S. Effects of feeding frequency on intake, ruminal fermentation,
and feeding behavior in heifers fed high-concentrate diets. J. Anim. Sci. 2007, 85, 2538–2547. [CrossRef] [PubMed]

30. Larson, R.L. Heifer Development. AABP Proc. 2000, 33, 98–111. [CrossRef]
31. Le Cozler, Y.; Brachet, E.; Bourguignon, L.; Delattre, L.; Luginbuhl, T.; Faverdin, P. Three-Dimensional (3D) Imaging Technology

to Monitor Growth and Development of Holstein Heifers and Estimate Body Weight, a Preliminary Study. Sensors 2022, 22, 4635.
[CrossRef] [PubMed]

32. Le Cozler, Y.; Allain, C.; Xavier, C.; Depuille, L.; Caillot, A.; Delouard, J.M.; Delattre, L.; Luginbuhl, T.; Faverdin, P. Volume
and surface area of Holstein dairy cows calculated from complete 3D shapes acquired using a high-precision scanning system:
Interest for body weight estimation. Comput. Electron. Agric. 2019, 165, 104977. [CrossRef]

33. Rutten, C.J.; Steeneveld, W.; Oude Lansink, A.G.J.M.; Hogeveen, H. Delaying investments in sensor technology: The rationality of
dairy farmers’ investment decisions illustrated within the framework of real options theory. J. Dairy Sci. 2018, 101, 7650–7660.
[CrossRef]

34. Wathes, D.C.; Brickell, J.S.; Bourne, N.E.; Swali, A.; Cheng, Z. Factors influencing heifer survival and fertility on commercial dairy
farms. Animal 2008, 2, 1135–1143. [CrossRef]

35. Johnson, K.F.; Chancellor, N.; Burn, C.C.; Wathes, D.C. Analysis of pre-weaning feeding policies and other risk factors influencing
growth rates in calves on 11 commercial dairy farms. Animal 2018, 12, 1413–1423. [CrossRef]

36. Akins, M.S. Dairy Heifer Development and Nutrition Management. Vet. Clin. Food Anim. Pract. 2016, 32, 303–317. [CrossRef]
[PubMed]

37. Lensink, B.J.; Veissier, I.; Florand, L. The farmers’ influence on calves’ behaviour, health and production of a veal unit. Anim. Sci.
2001, 72, 105–116. [CrossRef]

https://doi.org/10.3390/dairy3010002
https://doi.org/10.3168/jds.2013-7434
https://doi.org/10.13023/etd.2019.055
https://edoc.hu-berlin.de/bitstream/handle/18452/19902/dissertation_wobschall_annabell.pdf?sequence=5&isAllowed=y
https://edoc.hu-berlin.de/bitstream/handle/18452/19902/dissertation_wobschall_annabell.pdf?sequence=5&isAllowed=y
https://doi.org/10.3168/jds.2018-15711
https://www.ncbi.nlm.nih.gov/pubmed/30904300
https://doi.org/10.3168/jds.2013-6585
https://www.ncbi.nlm.nih.gov/pubmed/24290821
https://doi.org/10.3168/jds.2013-7690
https://doi.org/10.1016/j.tvjl.2019.01.005
https://doi.org/10.1016/j.compag.2010.07.004
https://doi.org/10.3390/ani9060287
https://www.ncbi.nlm.nih.gov/pubmed/31146374
https://doi.org/10.3168/jds.2009-3015
https://www.ncbi.nlm.nih.gov/pubmed/20655425
https://doi.org/10.3168/jds.S0022-0302(86)80442-8
https://doi.org/10.1016/j.cvfa.2007.10.003
https://doi.org/10.3168/jds.2019-17885
https://doi.org/10.3168/jds.2018-14720
https://doi.org/10.3168/jds.2009-2040
https://www.ncbi.nlm.nih.gov/pubmed/19528617
https://doi.org/10.3168/jds.2017-14207
https://doi.org/10.3168/jds.2017-13947
https://www.ncbi.nlm.nih.gov/pubmed/30007809
https://doi.org/10.2527/jas.2006-739
https://www.ncbi.nlm.nih.gov/pubmed/17609471
https://doi.org/10.21423/aabppro20005369
https://doi.org/10.3390/s22124635
https://www.ncbi.nlm.nih.gov/pubmed/35746416
https://doi.org/10.1016/j.compag.2019.104977
https://doi.org/10.3168/jds.2017-13358
https://doi.org/10.1017/S1751731108002322
https://doi.org/10.1017/S1751731117003160
https://doi.org/10.1016/j.cvfa.2016.01.004
https://www.ncbi.nlm.nih.gov/pubmed/27161393
https://doi.org/10.1017/S1357729800055600


Agriculture 2024, 14, 272 15 of 15

38. Palczynski, L.J.; Bleach, E.C.L.; Brennan, M.L.; Robinson, P.A. Youngstock Management as “The Key for Everything”? Perceived
Value of Calves and the Role of Calf Performance Monitoring and Advice on Dairy Farms. Front. Anim. Sci. 2022, 3, 835317.
[CrossRef]

39. Regler, F.; Ziegler, K.; Förster, T.; Hemmert, K.; Koch, C.; Sauerwein, H.; Bernhardt, H. Closing data-gaps between calves and
cows: Conceptualization of a specified sensor system for data acquisition in calf and heifer husbandry. In Proceedings of the
AgEng-Land.Technik 2022: International Conference on Agricultural Engineering, Berlin, Germany, 22–23 November 2022;
VDI Verlag GmbH: Düsseldorf, Germany, 2022; pp. 387–395, ISBN 978-3-18092406-9.

40. Cole, J.B.; Dürr, J.W.; Nicolazzi, E.L. Invited review: The future of selection decisions and breeding programs: What are we
breeding for, and who decides? J. Dairy Sci. 2021, 104, 5111–5124. [CrossRef]

41. Bubble Group Inc. bubble.io; Bubble Group Inc.: New York, NY, USA, 2024.
42. Förster-Technik GmbH. CalfCloud; Förster-Technik GmbH: Gerwigstrasse, Germany, 2024.
43. Hammon, H.M.; Liermann, W.; Frieten, D.; Koch, C. Review: Importance of colostrum supply and milk feeding intensity on

gastrointestinal and systemic development in calves. Animal 2020, 14, s133–s143. [CrossRef] [PubMed]
44. Besser, T.E.; Gay, C.C. The importance of colostrum to the health of the neonatal calf. Vet. Clin. N. Am. Food Anim. Pract. 1994, 10,

107–117. [CrossRef] [PubMed]
45. Cantor, M.C.; Pertuisel, C.H.; Costa, J.H.C. Technical note: Estimating body weight of dairy calves with a partial-weight scale

attached to an automated milk feeder. J. Dairy Sci. 2020, 103, 1914–1919. [CrossRef]
46. Förster-Technik GmbH. CalfApp-VITAL; Förster-Technik GmbH: Gerwigstrasse, Germany, 2024.
47. Biesheuvel, M.M.; Santman-Berends, I.M.; Barkema, H.W.; Ritter, C.; Berezowski, J.; Guelbenzu, M.; Kaler, J. Understanding

Farmers’ Behavior and Their Decision-Making Process in the Context of Cattle Diseases: A Review of Theories and Approaches.
Front. Vet. Sci. 2021, 8, 687699. [CrossRef]

48. van Arendonk, J.A. Management Guides for Insemination and Replacement Decisions. J. Dairy Sci. 1988, 71, 1050–1057. [CrossRef]
49. van Arendonk, J. Studies on the replacement policies in dairy cattle. II. Optimum policy and influence of changes in production

and prices. Livest. Prod. Sci. 1985, 13, 101–121. [CrossRef]
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