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Simple Summary

Knowing the live weight of calves is important for good farm management, but many
farms do not have easy access to weighing scales. Measuring tapes that estimate weight
from the chest circumference of an animal are cheaper and easier to use, but their accuracy
needs to be checked before farmers rely on them. This study tested whether a thoracic
measuring tape could accurately estimate the live weight of Minhota calves, a Portuguese
cattle breed used mainly for meat production. The tape estimates were compared with
weights obtained using a scale, using 210 records from 68 calves. Overall, the tape followed
the scale weights very closely and had an average error of about 5%, showing that it can be
useful for routine monitoring of calf growth. However, the tape was not equally accurate
at all ages. It was closer to the scale in younger calves in terms of kilogram error, but it
increasingly underestimated the weight of older and heavier calves. Sex and dam parity
had little effect. These findings are useful because they support the use of a simple, low-cost
tool for farm monitoring, while showing that scales remain preferable when exact weight
is needed.

Abstract

Accurate live-weight monitoring is important for calf management, but calibrated scales are
not always available under farm conditions. This study evaluated the accuracy of a thoracic
measuring tape for estimating live weight in Minhota calves and examined whether tape
error was influenced by age, sex and dam parity. The dataset included 210 repeated
weighing records from 68 biologically distinct calves. Scale-measured live weight was
used as the reference value, and tape accuracy was assessed using signed error, absolute
error, percentage error, absolute percentage error, correlation and Bland–Altman analysis.
Repeated-measures regression models were used to account for multiple records from the
same calf. Tape-estimated live weight was very strongly correlated with scale-measured
live weight (r = 0.997). The tape showed a small average underestimation of live weight,
with a mean signed error of −3.02 kg, mean absolute error of 7.79 kg, root mean squared
error of 11.92 kg and mean absolute percentage error of 4.97%. Age was the main factor
associated with tape accuracy. For every additional 100 days of age, signed error decreased
by 5.74 kg, indicating increasing underestimation in older calves. Sex and dam parity had
limited effects. The thoracic measuring tape is a useful practical tool for routine monitoring
of Minhota calf growth, but age-related bias should be considered, especially in older and
heavier calves.
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1. Introduction
Accurate monitoring of live weight is an important component of animal management,

particularly during early life, when growth performance reflects nutrition, health status
and adaptation to the production system. In calves, repeated weight records can support
decisions related to feeding, health monitoring, treatment dosage, growth evaluation and
marketing. Monitoring body weight and average daily gain from early life has been
recommended to support farm-level decisions and improve later performance, including
reproductive efficiency in heifers [1]. Early life nutrition has also been shown to influence
calf growth, inflammatory status and health indicators, reinforcing the importance of
weight monitoring as part of calf management [2]. Accurate body-weight information
is also relevant for veterinary treatments, because several cattle medications are dosed
according to mg/kg body weight [3]. In beef systems, live weight and calf weaning weight
are central components of productive and economic efficiency, with calf weaning weight
contributing substantially to annual liveweight production [4].

The most accurate method for determining live weight is the use of calibrated livestock
scales. However, access to scales is not always practical under commercial farm conditions.
Weighing facilities may be expensive, time-consuming to use, difficult to transport and
stressful for animals when repeated handling is required [5,6]. These limitations are
particularly relevant in small- and medium-scale farms, extensive or semi-extensive systems
and local-breed production systems, where animals may be managed in dispersed holdings
and where routine weighing infrastructure may be limited. For these reasons, indirect
methods of estimating live weight remain widely used in cattle production, particularly
those based on thoracic perimeter or heart-girth measurements [5,7,8].

Among indirect methods, thoracic perimeter, also referred to as heart girth, is one of
the most common body measurements used to estimate live weight in cattle. The biological
basis of this approach is that thoracic circumference is strongly associated with body size,
skeletal development and body mass. Measuring tapes are inexpensive, portable, easy to
use and require minimal equipment, making them useful tools for on-farm monitoring.
Previous studies have shown strong associations between heart girth and body weight in
cattle, including calves and growing animals [5–8]. Nevertheless, strong correlation does
not necessarily imply full agreement between methods. A tape may rank animals correctly
but still systematically overestimate or underestimate live weight.

The accuracy of tape-based weight estimation may be influenced by several factors.
Age and body size are particularly important because the relationship between thoracic
perimeter and live weight may change as calves grow; recent work in pre-weaned Holstein–
Friesian calves showed that morphometric prediction of body weight depends on age-
specific calf development and that heart girth is a key predictor of body weight [8]. In
young calves, thoracic development, body proportions and tissue composition may differ
from those of older animals, potentially affecting the validity of tape equations [5,8]. Sex
may also contribute to variation in growth and body conformation, with male and female
calves differing in body size and development patterns; for example, calf birth-weight
studies have reported sex-related differences in body weight, with male calves generally
heavier than females [9]. In addition, dam parity may influence early calf growth because
calves born from primiparous and multiparous dams may differ in birth weight, maternal
environment and early life performance. Duncan et al. [10] reported lower birth weight in
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calves born to primiparous dams than in calves born to multiparous dams, while Condon
et al. [9] also identified parity as one of the cow-level factors associated with calf birth
weight. These factors could affect not only true live weight, but also the relationship
between body dimensions and weight estimated from a tape.

Validation of tape-based weight estimation therefore requires more than simple cor-
relation analysis. Correlation measures the strength of association between two methods,
but it does not demonstrate that both methods give numerically similar values or that one
method can replace the other [11,12]. Agreement-based approaches are therefore needed
to assess both the magnitude and direction of error. Signed error can identify systematic
bias, while absolute error and absolute percentage error quantify the practical magnitude
of disagreement between estimated and observed values [13,14]. Bland–Altman analysis is
also useful because it evaluates agreement across the measurement range and can reveal
proportional bias, where error changes as animals become heavier [11,12,15]. When re-
peated records are available from the same animals, statistical models should also account
for within-animal dependence rather than treating all observations as independent [16,17].

The Minhota is a Portuguese autochthonous cattle breed traditionally associated with
the north-western region of Portugal, particularly the former Minho region and the district
of Viana do Castelo [18,19]. Historically, the breed was valued for triple-purpose use,
including meat, milk and draught work; however, milk production and draught use are
now residual, and current production is mainly oriented towards meat [19]. The principal
commercial product is veal, with animals commonly sold for slaughter at approximately
6.2 months of age, and more than half of Minhota slaughtered animals classified as veal
carcasses [19]. In such local-breed systems, simple and reliable tools for monitoring calf
growth may be especially valuable, provided that their accuracy is properly assessed under
the specific production and animal conditions in which they are used [5,8].

This study aimed to evaluate the accuracy of a thoracic measuring tape for estimating
live weight in Minhota calves. Specifically, tape-estimated live weight was compared with
scale-measured live weight, and tape accuracy was assessed using signed error, absolute
error, percentage error and absolute percentage error. The study also examined whether
tape accuracy was influenced by calf age, sex and dam parity. We hypothesised that tape-
estimated live weight would be strongly associated with scale-measured live weight, but
that the magnitude and direction of tape error would vary with calf age and, to a lesser
extent, with sex and dam parity.

2. Materials and Methods
2.1. The Animals and Dataset

The dataset consisted of repeated live-weight records from Minhota calves. Each
record included calf identification, calf name, sex, date of birth, date of weighing, age at
weighing, scale-measured live weight, thoracic perimeter measured using a tape, tape-
estimated live weight, dam identification and dam parity class. Calf sex was coded as
female or male. Dam parity was classified as multiparous or primiparous.

Thoracic perimeter was measured using a commercial heart-girth measuring tape/weigh-
band (Wieghband farmer’s boy, Dalton Supplies, Ltd., Nettlebed, UK). The tape provided
two readings: thoracic perimeter and the corresponding live-weight estimate. In this
study, “tape-estimated live weight” refers to the live-weight value read directly from the
measuring tape at the time of measurement. It was not calculated by the authors from a
newly fitted prediction equation. The calibration population and equation used by the
manufacturer to convert thoracic perimeter into estimated live weight were not available;
therefore, the present study should be interpreted as a field validation of the tape-provided
live-weight estimate in Minhota calves.
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In the present study, “tape-estimated live weight” refers to the live-weight value read
directly from the thoracic measuring tape after measuring the calf’s thoracic perimeter.
Thus, this variable represents the weight estimate provided by the measuring tape/weigh-
band itself. It was not calculated by the authors from a newly developed prediction equa-
tion. The thoracic perimeter was recorded separately, allowing the relationship between
perimeter and tape-estimated weight to be described, but the validation analysis used the
tape-provided live-weight estimate as the method under evaluation and scale-measured
live weight as the reference value.

Live weight was measured using a livestock scale and was considered the reference
value. The scale used was a Báscula Cabral, model 23 (António Antunes & Filho, Lda,
Braga, Portugal) with a readability of 100 g.

Thoracic perimeter was measured with the calf standing in a normal quadrupedal
position. The measuring tape was placed around the thorax immediately behind the
forelimbs, at the level of the heart girth, and maintained in contact with the hair coat
without intentional compression of the soft tissues. The tape-estimated live weight was
read directly from the weight scale printed on the measuring tape/weigh-band. For each
weighing event, one scale weight and one tape reading were recorded. Scale and tape
measurements were obtained sequentially during the same handling session on the same
day. The readings were not recorded blind to one another, because the same operator had
access to both measurements during the weighing event. For each weighing event, one
scale weight and one tape reading were recorded; therefore, the dataset did not include
repeated tape readings or independent duplicate measurements.

The final dataset included 210 weighing records from 68 biologically distinct calves.
Calf identity was checked using both SIA and calf name because one SIA value was
duplicated for two different calves. Therefore, the number of unique calves reported in
the descriptive subgroup summaries was based on biologically distinct calf records rather
than on SIA alone. Because several calves were measured more than once, calf identity
was accounted for in the statistical modelling to address repeated observations. Data were
collected at the School of Agriculture of the Polytechnic University of Viana do Castelo. It
is open access and is available at http://doi.org/10.13140/RG.2.2.25750.51524 [20].

The relationship between thoracic perimeter and tape-estimated live weight provided
by the measuring tape is shown descriptively in Appendix A.

2.2. Definition of Tape Accuracy Variables

Scale-measured live weight was considered the reference value. Tape accuracy was
evaluated by comparing the live-weight estimate read directly from the thoracic measuring
tape with the corresponding scale-measured live weight recorded at the same weighing
event. Therefore, the study assessed the agreement between the tape-provided weight esti-
mate and the scale weight, rather than developing a new equation from thoracic perimeter.
The live-weight estimate was read directly from the weight scale printed on the tape after
the thoracic perimeter was measured. The following variables were calculated for each
weighing record:

Signed error (SiE) was calculated as

Signed error = tape-estimated live weight − scale-measured live weight (1)

Negative values indicate that the tape underestimated live weight, whereas positive
values indicate that the tape overestimated live weight.

Absolute error (AE) was calculated as the absolute difference between tape-estimated
and scale-measured live weight. Percentage error (PE) was calculated as
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Percentage error =
tape − estimated live weight − scale − measured live weight

scale − measured live weight
× 100 (2)

Absolute percentage error (APE) was calculated as the absolute value of percentage
error. These complementary indicators were used to assess both systematic bias and
practical accuracy.

2.3. Descriptive and Agreement Analyses

Descriptive statistics were calculated for age, scale-measured live weight, tape-
estimated live weight, thoracic perimeter, SiE, AE, PE and APE. Results are presented
as mean, standard deviation, median, minimum and maximum.

Agreement between scale-measured and tape-estimated live weight was assessed
using Pearson’s correlation, mean signed error (MSIE), root mean squared error (RMSE),
mean absolute error (MAE) and mean absolute percentage error (MAPE). A Bland–Altman
analysis was adapted to the repeated-measures structure of the dataset. Mean bias was
estimated using a model for signed error that included calf identity as a random effect. The
limits of agreement were calculated as the estimated mean bias ± 1.96 times the square root
of the combined between-calf and within-calf variance components. This approach was
used to avoid treating repeated records from the same calf as independent observations.
The mean of scale and tape weight was plotted against signed error to assess whether tape
error changed with increasing body weight.

2.4. Statistical Modelling

The effect of calf age, sex and dam parity on tape accuracy was analysed using
repeated-measures regression models. As calves contributed unequal numbers of records,
generalised estimating equations (GEEs) were used with calf identity as the clustering vari-
able. An exchangeable working correlation structure and robust standard errors were used.

Three dependent variables were analysed separately: signed error (SiE), to evaluate
systematic bias; absolute error (AE), to evaluate magnitude of error in kg; and absolute
percentage error (APE), to evaluate relative error. The main GEE models were fitted using
a Gaussian working distribution with an identity link. This specification was considered
appropriate for SiE because signed error can take both negative and positive values and
was analysed on the original kg scale. For AE and APE, which are non-negative and
right-skewed, the Gaussian identity-link models were used as marginal models to estimate
mean differences in error magnitude on the original scale, with inference based on robust
sandwich standard errors. Model outputs for AE and APE were therefore interpreted
as average differences in error magnitude rather than as fully distributional models of
bounded outcomes.

The fixed explanatory variables were calf age, sex and dam parity. Age was modelled
as a continuous variable and expressed per 100 days to facilitate interpretation. Female
calves and calves from multiparous dams were used as reference categories. Statistical
significance was assessed at p < 0.05.

Because AE and APE are bounded at zero and showed right-skewed distributions, a
sensitivity analysis was also performed using log-transformed AE and log-transformed
APE, with a small constant added to retain observations with zero error. These sensitivity
models used the same explanatory variables and calf identity as the clustering variable.
The direction and interpretation of the main findings were compared with those from the
original-scale GEE models.

Data handling, descriptive statistics, calculation of accuracy indicators and graphical
outputs were performed using Python 3.13.5. Descriptive statistics and accuracy indicators,
including SiE, AE, PE, APE, MAE, and RMSE, were calculated using pandas 3.0.5 and
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NumPy 2.3.5. Correlation, agreement analyses, and the repeated-measures Bland–Altman
values were performed and calculated using SciPy 1.17.0 and statsmodels 0.14.6. Graphical
outputs, including scatterplots, Bland–Altman plots and boxplots, were produced using
Matplotlib 3.10.8.

The repeated-measures regression models were fitted separately using the GEE routine
in IBM Corp.® SPSS® Statistics, Armonk, NY, USA, version: 29.0.2.0 (20), where calf identity
was included as the clustering variable.

3. Results
Tape accuracy was assessed by comparing the live-weight value read directly from the

thoracic measuring tape with scale-measured live weight. The results are presented in four
parts: descriptive characteristics of the dataset; overall agreement between scale-measured
and tape-estimated live weight; tape accuracy according to calf age, sex and dam parity;
and repeated-measures models testing whether age, sex and dam parity influenced tape
accuracy after accounting for repeated measurements from the same calves.

3.1. Descriptive Characteristics of the Dataset

The dataset included 210 weighing records from 68 calves. The descriptive characteris-
tics of calf age, scale-measured live weight, tape-estimated live weight, thoracic perimeter
and tape accuracy variables are presented in Table 1. Calves covered a wide range of ages
and body weights, with age ranging from birth to 344 days. Mean scale-measured live
weight was 179.7 kg, while mean tape-estimated live weight was slightly lower, at 176.7 kg.
The MSIE was −3.0 kg, indicating a small average underestimation of live weight by the
measuring tape.

Table 1. Descriptive statistics for calf age, live weight, thoracic perimeter and tape accuracy variables.

Variable Mean SD Median Minimum Maximum

Age, days 114.00 97.91 90.50 0.00 344.00
Scale-measured live weight, kg 179.71 123.79 145.00 34.85 530.00
Tape-estimated live weight, kg 176.70 117.73 144.50 39.00 525.00

Thoracic perimeter 120.27 32.15 118.50 69.00 187.00
Signed error, kg −3.02 11.56 0.50 −55.00 15.00

Absolute error, kg 7.79 9.04 4.32 0.00 55.00
Percentage error, % 0.96 6.33 0.77 −15.94 20.45

Absolute percentage error, % 4.97 4.03 4.02 0.00 20.45
Note: Values describe the full dataset of repeated weighing records. Signed error was calculated as tape-estimated
live weight minus scale-measured live weight. Negative values indicate underestimation by the measuring tape.
N = 210.

The negative MSIE shows that, overall, the measuring tape slightly underestimated
scale-measured live weight. However, the median SiE was close to zero, indicating that
the average bias was influenced by larger underestimations in some records. The MAE
was 7.8 kg, while the MAPE was approximately 5%, suggesting good practical accuracy
overall. The negative mean signed error and the positive mean percentage error are not
contradictory, because percentage error expresses each kg difference relative to the calf’s
body weight; therefore, small overestimations in lighter calves can have a greater influence
on the average percentage error than similar kg differences in heavier calves.

3.2. Overall Agreement Between Scale-Measured and Tape-Estimated Live Weight

The overall relationship between scale-measured and tape-estimated live weight was
first examined graphically. Figure 1 compares the two methods directly, with the identity
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line representing perfect agreement. This figure shows whether tape-estimated weights
followed the same pattern as scale-measured weights across the full weight range.

Figure 1. Relationship between scale-measured and tape-estimated live weight in Minhota calves.
Each point represents one weighing record. The dashed identity line represents perfect agreement
between scale-measured and tape-estimated live weight. Points close to the line indicate close
agreement between the two methods.

Tape-estimated live weight was strongly associated with scale-measured live weight.
Most observations were located close to the identity line, indicating that the measuring
tape closely followed variation in calf LW. Nevertheless, visual inspection also showed that
the tape estimates were not identical to scale weights, particularly at higher body weights.

To complement the visual assessment, agreement between scale-measured and tape-
estimated live weight (LW) was quantified using correlation and error-based statistics.
These statistics are presented in Table 2. Correlation was used to evaluate the strength of
association between methods, while MSIE, MAE, root mean squared error (RMSE) and
MAPE were used to describe bias and practical prediction error.

Table 2. Agreement between live weight measured by scales and estimated using a tape.

Statistic Estimate Interpretation

Pearson’s correlation 0.997 Very strong association between methods
Mean signed error −3.02 kg Average underestimation by the tape

Repeated measures mean bias −2.76 kg Model-based bias accounting for repeated records
95% CI for repeated measures mean bias −4.57 to −0.95 kg Mean bias significantly below zero
Repeated measures limits of agreement −25.38 to 19.87 kg Individual tape estimates may vary substantially

Mean absolute error 7.79 kg Average absolute deviation from scale weight
Root mean squared error 11.92 kg Penalises larger errors

Mean absolute percentage error 4.97% Average relative error
Note: Agreement was assessed using correlation, mean signed error, repeated measures confidence interval for
mean signed error, repeated measures limits of agreement, mean absolute error, root mean squared error and
mean absolute percentage error.

The Pearson correlation coefficient between scale-measured and tape-estimated LW
was 0.997, confirming a very strong association between the two methods. However, the
tape showed a small negative MSIE of −3.02 kg, indicating slight underestimation of LW.
When the repeated-measures structure was accounted for, the model-based Bland–Altman
mean bias was −2.76 kg, with a 95% confidence interval from −4.57 to −0.95 kg. The
repeated-measures limits of agreement ranged from −25.38 to 19.87 kg, indicating that
individual tape estimates could still differ substantially from scale-measured values. The
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MAE was 7.79 kg, the root mean squared error was 11.92 kg, and the MAPE was 4.97%,
showing good average practical accuracy but non-negligible individual-level error.

Agreement between the two methods was further explored using a Bland–Altman
plot. Figure 2 shows the signed difference between tape-estimated and scale-measured
LW across the range of mean body weights. The plotted bias and limits of agreement
correspond to the repeated-measures Bland–Altman estimates, with calf identity accounted
for in the estimation of the mean bias and variance components.

Figure 2. Bland–Altman plot comparing tape-estimated and scale-measured live weight. The x-axis
represents the mean of tape-estimated and scale-measured live weight, and the y-axis represents
signed error, calculated as tape-estimated minus scale-measured live weight. The central horizontal
line represents the repeated measures mean bias, and the outer dashed lines represent the repeated
measures limits of agreement.

The Bland–Altman analysis showed a small negative mean bias, consistent with slight
underestimation by the tape method. The repeated-measures limits of agreement ranged
from −25.38 to 19.87 kg, indicating that individual tape estimates could differ substantially
from scale-measured weights. The distribution of points also suggested proportional
bias, with tape estimates becoming increasingly lower than scale-measured weights in
heavier calves.

3.3. Tape Accuracy According to Age, Sex and Dam Parity

Tape accuracy was then examined according to calf age class, sex and dam parity.
These descriptive comparisons are presented in Table 3. This table was included to identify
whether error patterns differed between biologically relevant groups before testing these
effects in repeated-measures models.

The clearest descriptive pattern was observed for calf age. In calves aged 0–90 days, the
tape slightly overestimated LW, with a MSIE of 2.39 kg. In contrast, the tape underestimated
LW in older calves. The MSIE was −4.24 kg in calves aged 91–180 days, −10.23 kg in calves
aged 181–270 days and −14.00 kg in calves older than 270 days.

To make this age-class pattern easier to visualise, signed tape error was plotted by age
class in Figure 3. This figure shows the direction and spread of tape error within each age
group and illustrates how the tape changed from slight overestimation in young calves to
underestimation in older calves.
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Table 3. Tape accuracy according to sex, dam parity and age class.

Group n Calves MA
(Days) SW (kg) TW (kg) SiE

(kg) AE (kg) APE
(%)

RMSE
(kg)

Female 92 33 115.61 171.78 169.76 −2.02 6.68 4.59 10.16

Male 118 35 112.75 185.90 182.10 −3.80 8.66 5.27 13.13

Multiparous dam 177 58 114.20 182.64 179.02 −3.62 8.24 5.05 12.62

Primiparous dam 33 10 112.91 164.02 164.24 0.22 5.38 4.55 7.04

0–90 days 105 61 26.69 73.97 76.35 2.39 3.80 5.91 4.60

91–180 days 38 27 143.08 207.53 203.29 −4.24 8.82 4.00 11.31

181–270 days 57 41 219.63 319.33 309.11 −10.23 13.28 4.09 18.43

>270 days 10 8 318.20 388.50 374.50 −14.00 14.60 3.77 18.43
Note: Values are presented by group to describe variation in tape accuracy according to biological and
management-related factors. Signed error indicates direction of bias, whereas absolute error and absolute
percentage error describe the magnitude of the error. MA—mean age; SW—scale weight; TW—tape weight;
SiE—signed error; AE—absolute error; APE—absolute percentage error; RMSE—root mean squared error.

Figure 3. Grouped box-and-whisker plot showing the distribution of tape-estimation error within
each age class. Signed tape error according to calf age class. Values represent the distribution of
signed error within each age class. The measuring tape slightly overestimated live weight in the
youngest calves but increasingly underestimated live weight in older calves. Orange line: median
error; Box: interquartile range, from the 25th to the 75th percentile; Whiskers: values within the
standard whisker limits, usually 1.5 × IQR; Circles: potential outliers; Blue dashed line at 0 kg:
perfect agreement between methods.

The age-class plot confirms that tape accuracy was not constant across calf age. The
tape was closest to the scale-measured value in younger calves, whereas underestimation
became progressively more evident in older age groups. Because age was also available as
a continuous variable, the association between calf age and signed tape error was examined
more directly. Figure 4 presents SE across the full age range of the dataset. This figure was
used to assess whether the age-related change in tape error followed a continuous trend
rather than only differences between age categories.

The continuous-age plot confirmed that increasing age was associated with progres-
sively more negative tape error. This indicates that the measuring tape became increasingly
likely to underestimate LW as calves aged. Sex-related differences in tape accuracy were
also examined. Female calves had a MSIE of −2.02 kg, whereas male calves had a MSIE
of −3.80 kg. AE and APE were also numerically higher in males. Figure 5 presents the
distribution of APE by sex, allowing comparison of relative tape accuracy between female
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and male calves. The figure shows that the distributions of APE were broadly similar
between sexes. Although males showed slightly higher numerical error, the difference was
small compared with the effect observed for age.

Figure 4. Association between calf age and signed tape error. Signed error was calculated as tape-
estimated live weight minus scale-measured live weight. Negative values indicate underestimation
by the measuring tape, whereas positive values indicate overestimation. The fitted line shows the
trend in tape error with increasing calf age. Blue dots: individual weighing observations; Blue
dashed horizontal line at 0 kg: perfect agreement between the two methods; Solid blue line: fitted
linear regression.

Figure 5. Absolute percentage error of tape-estimated LW according to calf sex. Absolute percentage
error was calculated as the absolute difference between tape-estimated and scale-measured live
weight divided by scale-measured live weight and multiplied by 100. The figure compares the
relative accuracy of the measuring tape between female and male calves. F—female, M—male. Boxes
represent the interquartile range, orange lines indicate medians, whiskers extend to observations
within 1.5 times the interquartile range, and open circles represent potential outliers.

Dam parity was also evaluated as a possible source of variation in tape accuracy.
Calves from multiparous dams had a MSIE of −3.62 kg, whereas calves from primiparous
dams had a MSIE of 0.22 kg. Figure 6 presents the distribution of APE according to dam
parity class and provides a visual comparison of relative tape accuracy between calves
from multiparous and primiparous dams.
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Figure 6. Absolute percentage error of tape-estimated live weight according to dam parity class.
Absolute percentage error was compared between calves born from multiparous (Multi) and primi-
parous (Primi) dams. The figure illustrates the relative accuracy of the tape method according to dam
parity. Boxes represent the interquartile range, orange lines indicate medians, whiskers extend to
observations within 1.5 times the interquartile range, and open circles represent potential outliers.

The distribution of relative error was broadly similar between parity classes. Although
calves from multiparous dams showed greater average underestimation, the primiparous
group included fewer records, so this comparison should be interpreted cautiously.

Altogether, the descriptive analyses showed that calf age was the factor most clearly
associated with tape error. Differences according to sex and dam parity were smaller and
less consistent.

3.4. Repeated-Measures Regression Models

Repeated-measures models were used to test whether age, sex and dam parity were
associated with tape accuracy while accounting for multiple records from the same calf.
Separate models were fitted for signed error, AE and APE. The model results are shown in
Table 4. This table provides the formal statistical test of whether each explanatory variable
influenced tape bias or error magnitude.

Age was the main predictor of tape accuracy. For signed error, age had a negative
effect: for every additional 100 days of age, tape error decreased by 5.74 kg. This means
that the tape estimate became progressively lower than the scale-measured weight as
calves aged. This result is consistent with the age-related patterns shown graphically in
Figures 3 and 4.

For AE, age also had a significant effect. Each additional 100 days of age increased the
absolute difference between tape-estimated and scale-measured LW by 4.16 kg. This shows
that the practical error in kg increased as calves became older. However, for APE, age had
a negative effect, indicating that although the absolute difference in kg increased with age,
the relative error represented a slightly smaller proportion of body weight in older calves.

Sex was not significantly associated with signed error, AE or APE after accounting
for age and dam parity. Male calves had numerically larger errors than female calves, but
these differences were not statistically significant.
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Table 4. Repeated-measures models evaluating the effect of age, sex and dam parity on tape accuracy.

Outcome Predictor β SE 95% CI p-Value

Signed error (kg)

Intercept 4.28 1.07 2.18; 6.38 <0.001

Age, per 100 days −5.78 0.85 −7.45; −4.1 <0.001

Male vs. female −1.87 1.60 −5.01; 1.27 0.243

Primiparous vs. multiparous dam 3.73 1.64 −0.51; 6.95 0.023

Absolute error (kg)

Intercept 2.31 0.74 0.87; 3.76 0.002

Age, per 100 days 4.16 0.70 2.79; 5.53 <0.001

Male vs. female 1.91 1.17 −0.40; 4.21 0.105

Primiparous vs. multiparous dam −2.81 1.34 −5.44; −0.18 0.036

Absolute
percentage error

(%)

Intercept 5.97 0.64 4.72; 7.22 <0.001

Age, per 100 days −1.12 0.31 −1.73; −0.51 <0.001

Male vs. female 0.65 0.56 −0.45; 1.75 0.246

Primiparous vs. multiparous dam −0.55 0.61 −1.74; 0.63 0.361
Note: Models accounted for repeated observations from the same calf, with calf identity defined using biologically
distinct calf records. Age was expressed per 100 days. Female calves and calves from multiparous dams were
used as reference categories. GEE models used a Gaussian working distribution with identity link and robust
standard errors. For absolute error and absolute percentage error, results represent marginal mean differences in
error magnitude on the original scale. Sensitivity analyses using log-transformed absolute error and absolute
percentage error led to the same substantive conclusions.

Dam parity was associated with signed error and absolute error after correction of
the calf identity variable. Calves from primiparous dams showed less underestimation
than calves from multiparous dams, with signed error higher by 3.73 kg. They also showed
lower absolute error, by 2.81 kg. However, dam parity was not significantly associated with
absolute percentage error. Because the primiparous group included relatively few calves,
this result should be interpreted cautiously.

Because AE and APE are non-negative error-magnitude outcomes, sensitivity analy-
ses were performed using log-transformed AE and log-transformed APE. These models
confirmed the main interpretation of the original-scale GEE models. Age remained the
dominant factor associated with tape accuracy: increasing age was associated with higher
absolute error and lower relative percentage error. Sex and dam parity did not materially
change the interpretation of the models for relative error. Therefore, the conclusions were
not dependent on modelling AE and APE on the original scale.

Altogether, the measuring tape showed good practical accuracy, with a MAPE of
approximately 5%. However, tape accuracy was age-dependent and depended on how
error was expressed. In younger calves, bias and absolute error in kg were smaller, whereas
older calves showed increasing underestimation and larger absolute error. Conversely,
APE was highest in the 0–90 day group, indicating that even small kg errors represented a
larger proportion of body weight in lighter calves.

3.5. Main Finding

The measuring tape was highly correlated with scale-measured LW and had an average
APE of approximately 5%, indicating good practical accuracy overall. However, tape
accuracy was age-dependent and differed according to the error metric considered. In
younger calves, the tape showed the smallest bias and absolute error in kg, whereas
older and heavier calves showed increasing underestimation and larger absolute error. By
contrast, relative error expressed as APE was highest in the youngest age group, because a
small kg difference represents a larger proportion of body weight in lighter calves. Sex had
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little effect on tape accuracy. Dam parity was associated with signed error and absolute
error, with calves from primiparous dams showing less underestimation and lower absolute
error, although this finding should be interpreted cautiously because the primiparous group
was relatively small.

4. Discussion
This study evaluated the accuracy of a thoracic measuring tape for estimating LW

in Minhota calves and examined whether tape error was influenced by calf age, sex and
dam parity. The results showed that tape-estimated LW was very strongly associated
with scale-measured LW, consistent with previous studies showing that heart-girth or
thoracic measurements can provide accurate calf body-weight estimates [5,8]. However,
the analysis also showed that high correlation did not imply perfect agreement. This
distinction is important because correlation measures association, not interchangeability
between methods [11,12]. The tape showed a small average underestimation of LW and,
more importantly, the magnitude and direction of error changed with calf age. Therefore,
although the tape may be useful for routine on-farm monitoring, its estimates should
be interpreted with caution. In older and heavier calves, the main concern is increasing
underestimation and larger absolute error in kg, whereas in younger and lighter calves,
even smaller kg errors may represent a larger percentage of body weight.

The very high correlation between tape-estimated and scale-measured LW confirms
the expected close relationship between thoracic perimeter and body mass. This agrees
with previous work showing that heart girth or thoracic circumference is one of the most
informative linear body measurements for predicting LW in cattle [5,8,21–23]. From a
practical perspective, this is important because measuring tapes are inexpensive, portable
and easy to use under farm conditions. They may be particularly useful in farms where
weighing scales are unavailable or where frequent weighing is difficult due to labour,
handling facilities or animal-management constraints [5,8]. In local-breed or small-scale
production systems, such as those involving Minhota calves, this type of simple tool may
therefore support growth monitoring and management decisions, provided that the method
is validated for the target animal population [5,24].

Nevertheless, the results also highlight the limitations of relying only on correlation to
validate a measurement method. Although the Pearson correlation coefficient was very
high, the tape did not always reproduce scale-measured LW accurately. This distinction
between association and agreement is important because correlation measures the strength
of a linear relationship, but does not demonstrate that two methods give numerically similar
values or can be used interchangeably [11,12]. The MSIE was −3.02 kg, indicating slight
overall underestimation, while the MAE was 7.79 kg and the RMSE was 11.92 kg. These
indicators show that the tape performed well on average, but that some individual estimates
differed considerably from scale weight. A method can rank animals correctly while still
producing biassed estimates, especially at particular body weights or ages [12,25]. For this
reason, the inclusion of signed error, AE, PE and Bland–Altman analysis strengthened the
validation of the tape method in the present study [12,26].

The MAPE of approximately 5% suggests that the measuring tape had good practical
accuracy overall, since MAPE expresses the average prediction error as a percentage of
the observed value and is commonly used to quantify relative prediction accuracy [14,27].
For many routine management purposes, such as monitoring growth trends, identifying
animals with poor development or making broad nutritional decisions, this level of error
may be acceptable, particularly when the objective is to follow changes in body weight over
time rather than to obtain an exact weight at a single point [1,5]. However, the magnitude
of error may be more relevant in situations requiring precise live-weight information,
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such as calculating medication dosage, determining sale weight, assessing eligibility for
specific production categories or evaluating experimental growth performance. Accurate
live-weight estimation is important for treatment dosing, feeding decisions and slaughter
or marketing decisions [28]. In those cases, scale weighing remains preferable whenever
available, because calibrated scales are considered the reference method for determining
LW [5,28].

Age was the main factor associated with tape accuracy. The tape slightly overesti-
mated live weight in younger calves but increasingly underestimated it in older calves.
Repeated-measures models confirmed this pattern, with SiE decreasing by 5.74 kg per
100 days. AE also increased with age, showing greater practical disagreement. This bias is
biologically plausible because body proportions change during growth [5,8]. Recent calf-
weight prediction work has shown that body weight can be reliably estimated from heart
girth measurements, but also that age and morphometric development must be considered
when developing prediction models [8]. Similarly, validation studies of heart-girth tapes
in calves emphasise that tape estimates should be assessed against scale weights rather
than assumed to be constant across animals and ages [5]. More broadly, cattle body-weight
prediction studies show that age category, sex and breed can influence the relationship
between linear body measurements and LW [21].

The Bland–Altman analysis supported this interpretation by showing proportional
bias. Tape error became more negative as mean body weight increased, indicating that
underestimation was not random across the weight range. This finding has practical
implications because Bland–Altman analysis is specifically intended to show whether
differences between two measurement methods vary according to the magnitude of mea-
surement [11,12]. Similar concerns have been reported in body-weight estimation studies
in cattle, where agreement between indirect estimates and scale weight may be poorer in
heavier animals [7,29]. If the tape is used to monitor younger calves, it may provide suffi-
ciently close estimates for routine management. However, when used in older or heavier
calves, the same tape may underestimate LW, potentially leading to incorrect decisions.
For example, animals may be considered lighter than they actually are, which could affect
nutritional planning, treatment dosage or marketing decisions [28]. Future work could
address this by developing age- or weight-specific correction equations for Minhota calves,
as body-weight prediction from linear measurements is known to be affected by age, sex
and breed categories [21].

Dam parity was associated with signed error and absolute error, with calves from
primiparous dams showing less underestimation than those from multiparous dams. How-
ever, this finding should be interpreted cautiously because the primiparous group was
relatively small. Parity may influence birth weight, early growth, maternal performance
and neonatal metabolism [9,10]. Dam parity did not strongly modify the relationship
between thoracic perimeter and live weight. The weak tendency may reflect calf size or age
distribution; studies with primiparous dams are needed.

A strength of the present study is that it used repeated records from the same calves
and accounted for this structure in the statistical analysis. This is important because
repeated observations from the same animal are not independent; observations within an
individual tend to be correlated and this correlation should be accounted for to obtain valid
inference [30,31]. Using calf identity as the clustering variable allowed a more appropriate
assessment of age, sex and dam parity effects on tape error. Another strength was the use of
complementary accuracy measures: SiE for bias, AE for kg disagreement, APE for relative
accuracy, and Bland–Altman analysis for proportional bias [12,16,17].

https://doi.org/10.3390/ruminants6030065

https://doi.org/10.3390/ruminants6030065


Ruminants 2026, 6, 65 15 of 18

The study was limited to Minhota calves, so findings may not apply to other breeds or
systems. Because body conformation affects the relationship between thoracic perimeter
and live weight, tape accuracy should be validated within each target population. Few
records from primiparous dams reduced power to detect parity effects. The study as-
sessed existing tape estimates but did not derive a Minhota-specific equation; balanced
longitudinal validation at fixed ages is needed.

The findings of this study are relevant for producers and technicians working with
Minhota calves. Measuring tapes provide a low-cost method for estimating live weight
when scales are unavailable and for monitoring growth trends. However, age-dependent
bias means tape estimates should not replace scale weights. Accuracy was greater in
younger calves, while underestimation increased in heavier animals; age-related correction
factors may improve use.

5. Conclusions
The thoracic measuring tape provided a practical and generally accurate estimate of

LW in Minhota calves, showing a very strong association with scale-measured LW and an
average APE of approximately 5%. These findings support its use as a simple, low-cost tool
for routine growth monitoring, particularly in farm situations where access to calibrated
scales is limited.

However, tape-estimated weight should not be considered fully interchangeable with
scale-measured weight. The tape showed a small average underestimation of LW, and
its accuracy was clearly influenced by calf age. In younger calves, tape estimates were
close to scale-measured values in terms of bias and absolute kg error, whereas older and
heavier calves showed increasing underestimation and larger absolute error. However,
relative error was highest in the youngest calves, because small kg differences represented a
larger proportion of their body weight. This age-related bias was the main limitation of the
method and indicates that caution is needed when using the tape for precise management
decisions, such as treatment dosing, marketing or experimental evaluation.

Sex and dam parity had comparatively limited effects on tape accuracy after account-
ing for calf age and repeated measurements. The tendency toward lower underestimation
in calves from primiparous dams should be interpreted with caution because this group
was relatively small.
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Abbreviations
The following abbreviations are used in this manuscript:

APE Absolute Percentage Error
AR Absolute Error
LW Live Weight
MAE Mean Absolute Error
MAPE Mean Absolute Percentage Error
MSIE Mean Signed Error
PE Percentage Error
RMSE Root Mean Squared Error
SiE Signed Error

Appendix A. Relationship Between Thoracic Perimeter and
Tape-Estimated Live Weight

The thoracic measuring tape used in this study provided a live-weight estimate
directly from the measured thoracic perimeter. Therefore, the tape-estimated live weight
was not calculated by the authors from a newly developed prediction equation. Instead, it
represented the value read from the measuring tape at the time of measurement.

Figure A1 shows the relationship between thoracic perimeter and the live-weight value
provided by the measuring tape. This figure is included only to document the internal
perimeter-to-weight conversion pattern of the tape. It should not be interpreted as an
agreement analysis between the tape-estimated and scale-measured live weight. Agreement
between the two methods is assessed in the main text using the direct comparison with
scale-measured live weight, Bland–Altman analysis and error-based statistics.

Figure A1. Relationship between thoracic perimeter and tape-estimated live weight provided by the
measuring tape. Each point represents one weighing record. Tape-estimated live weight refers to the
value read directly from the thoracic measuring tape after measuring the calf’s thoracic perimeter.
The fitted curve describes the tape’s perimeter-to-weight conversion pattern and is presented for
documentation purposes only; it does not represent agreement between tape-estimated and scale-
measured live weight.

https://doi.org/10.3390/ruminants6030065

https://doi.org/10.3390/ruminants6030065


Ruminants 2026, 6, 65 17 of 18

References
1. Costa, A.; Boselli, C.; De Marchi, M. Effect of Body Weight and Growth in Early Life on the Reproductive Performances of

Holstein Heifers. Agriculture 2021, 11, 159. [CrossRef]
2. Alimirzaei, M.; Alijoo, Y.A.; Dehghan-Banadaky, M.; Eslamizad, M. The Effects of Feeding High or Low Milk Levels in Early Life

on Growth Performance, Fecal Microbial Count and Metabolic and Inflammatory Status of Holstein Female Calves. Animal 2020,
14, 303–311. [CrossRef] [PubMed]

3. Fritz, S.A.; Ensley, S.M.; Lawrence, J.R.; Van Engen, N.; Lin, Z.; Kleinhenz, M.D.; Wulf, L.W.; Rice, S.; Gorden, P.J.; Peterson, J.
Pharmacokinetics, Milk Residues, and Toxicological Evaluation of a Single High Dose of Meloxicam Administered at 30 Mg/Kg
per Os to Lactating Dairy Cattle. Vet. Sci. 2023, 10, 301. [PubMed]

4. Fordyce, G.; Barnes, T.S.; McGowan, M.R.; Perkins, N.R.; Smith, D.R.; McCosker, K.D. Defining the Primary Business Measure of
Liveweight Production for Beef Cows in Northern Australia. Anim. Prod. Sci. 2021, 63, 395–409. [CrossRef]

5. Sherwin, V.; Hyde, R.; Green, M.; Remnant, J.; Payne, E.; Down, P. Accuracy of Heart Girth Tapes in the Estimation of Weights of
Pre-weaned Calves. Vet. Rec. Open 2021, 8, e16. [CrossRef] [PubMed]

6. Hossain, M.R.H.; Islam, R.; McGrath, S.R.; Islam, M.Z.; Lamb, D. Learning-Based Estimation of Cattle Weight Gain and Its
Influencing Factors. Comput. Electron. Agric. 2025, 231, 110033. [CrossRef]

7. Dingwell, R.T.; Wallace, M.M.; McLaren, C.J.; Leslie, C.F.; Leslie, K.E. An Evaluation of Two Indirect Methods of Estimating Body
Weight in Holstein Calves and Heifers. J. Dairy Sci. 2006, 89, 3992–3998. [CrossRef] [PubMed]

8. Silva, F.G.; Carreira, E.; Ramalho, J.M.; Correia, T.; Meira, M.; Conceição, C.; Silva, S.R.; Pereira, A.M.F.; Cerqueira, J.L. Predicting
Body Weight in Pre-Weaned Holstein–Friesian Calves Using Morphometric Measurements. Animals 2024, 14, 2129. [CrossRef]
[PubMed]

9. Condon, T.; Murphy, C.P.; Sleator, R.D.; Ring, S.C.; Berry, D.P. The Association between Calf Birth Weight and the Postcalving
Performance of Its Dairy Dam in the Absence of Dystocia. J. Dairy Sci. 2024, 107, 3688–3699. [CrossRef] [PubMed]

10. Duncan, N.B.; Stoecklein, K.S.; Foote, A.P.; Meyer, A.M. Dam Parity Affects Fetal Growth, Placental Size, and Neonatal Metabolism
in Spring-Born Beef Calves. J. Anim. Sci. 2023, 101, skac399. [PubMed]

11. Giavarina, D. Understanding Bland Altman Analysis. Biochem. Med. 2015, 25, 141–151. [CrossRef] [PubMed]
12. Bland, J.M.; Altman, D. Statistical Methods for Assessing Agreement Between Two Methods of Clinical Measurement. Lancet

1986, 327, 307–310. [CrossRef]
13. Reich, N.G.; McGowan, C.J.; Yamana, T.K.; Tushar, A.; Ray, E.L.; Osthus, D.; Kandula, S.; Brooks, L.C.; Crawford-Crudell, W.;

Gibson, G.C. Accuracy of Real-Time Multi-Model Ensemble Forecasts for Seasonal Influenza in the US. PLoS Comput. Biol. 2019,
15, e1007486. [CrossRef] [PubMed]

14. de Myttenaere, A.; Golden, B.; Le Grand, B.; Rossi, F. Mean Absolute Percentage Error for Regression Models. Neurocomputing
2016, 192, 38–48. [CrossRef]

15. Myles, P.S.; Cui, J.I. Using the Bland–Altman Method to Measure Agreement with Repeated Measures. Br. J. Anaesth. 2007, 99,
309–311. [CrossRef] [PubMed]

16. Parker, R.A.; Scott, C.; Inácio, V.; Stevens, N.T. Using Multiple Agreement Methods for Continuous Repeated Measures Data: A
Tutorial for Practitioners. BMC Med. Res. Methodol. 2020, 20, 154. [CrossRef] [PubMed]

17. Bland, J.M.; Altman, D.G. Agreement between Methods of Measurement with Multiple Observations per Individual. J. Biopharm.
Stat. 2007, 17, 571–582. [CrossRef] [PubMed]

18. Araújo, J.P.; Machado, H.; Cantalapiedra, J.; Iglesias, A.; Petim-Batista, F.; Colaço, J.; Sánchez, L. Biometric and Liveweight
Analysis of Minhota Beef Cows. In Proceedings of the 8th World Congress on Genetics Applied to Livestock Production, Belo
Horizonte, MG, Brazil, 13–18 August 2006.

19. DGAV, D.-G. de A. e V. Minhota—Grupo de Raças de Bovinos Autóctones. 2021. Available online: https://www.dgav.pt/wp-
content/uploads/2021/01/Folheto-Bovinos_Minhota.pdf (accessed on 20 May 2026).

20. Araújo, J.P.; Cerqueira, J.; Mata, F. Perímetro Torácico de Bovinos de Raça Minhota Para Extrapolação de Peso Vivo. 2026.
[CrossRef]

21. Firdaus, F.; Atmoko, B.A.; Baliarti, E.; Widi, T.S.M.; Maharani, D.; Panjono, P. The Meta-Analysis of Beef Cattle Body Weight
Prediction Using Body Measurement Approach with Breed, Sex, and Age Categories. J. Adv. Vet. Anim. Res. 2023, 10, 630.
[CrossRef] [PubMed]

22. Araújo, J.P.; Cerqueira, J.; Vaz, P.S.; Silva, S.; Brito, L.M.; Iglesias, M. Estimativa Do Peso Vivo de Vitelos Da Raça Minhota Com
Base No Perímetro Torácico. In Proceedings of the XVIII Congresso de Zootecnia, II Congresso Ibero-Americano de Zootecnia,
Vila Real, Portugal, 6–9 May 2009.

23. Araújo, J.P.; Machado, H.; Cantalapiedra, J.; Iglesias, A.; Petim-Batista, F.; Colaço, J.; Sánchez, L. Biometric and Liveweight
Analysis of Minhota Beef Cows. In Proceedings of the 56th Annual Meeting of the European Association for Animal Production,
Uppsala, Sweden, 8 June 2006; p. 251.

https://doi.org/10.3390/ruminants6030065

https://doi.org/10.3390/agriculture11020159
https://doi.org/10.1017/S1751731119001691
https://www.ncbi.nlm.nih.gov/pubmed/31368430
https://www.ncbi.nlm.nih.gov/pubmed/37104456
https://doi.org/10.1071/an20096
https://doi.org/10.1002/vro2.16
https://www.ncbi.nlm.nih.gov/pubmed/34401192
https://doi.org/10.1016/j.compag.2025.110033
https://doi.org/10.3168/jds.S0022-0302(06)72442-0
https://www.ncbi.nlm.nih.gov/pubmed/16960075
https://doi.org/10.3390/ani14142129
https://www.ncbi.nlm.nih.gov/pubmed/39061591
https://doi.org/10.3168/jds.2023-24164
https://www.ncbi.nlm.nih.gov/pubmed/38135042
https://www.ncbi.nlm.nih.gov/pubmed/36478071
https://doi.org/10.11613/bm.2015.015
https://www.ncbi.nlm.nih.gov/pubmed/26110027
https://doi.org/10.1016/S0140-6736(86)90837-8
https://doi.org/10.1371/journal.pcbi.1007486
https://www.ncbi.nlm.nih.gov/pubmed/31756193
https://doi.org/10.1016/j.neucom.2015.12.114
https://doi.org/10.1093/bja/aem214
https://www.ncbi.nlm.nih.gov/pubmed/17702826
https://doi.org/10.1186/s12874-020-01022-x
https://www.ncbi.nlm.nih.gov/pubmed/32532218
https://doi.org/10.1080/10543400701329422
https://www.ncbi.nlm.nih.gov/pubmed/17613642
https://www.dgav.pt/wp-content/uploads/2021/01/Folheto-Bovinos_Minhota.pdf
https://www.dgav.pt/wp-content/uploads/2021/01/Folheto-Bovinos_Minhota.pdf
https://doi.org/10.13140/RG.2.2.25750.51524
https://doi.org/10.5455/javar.2023.j718
https://www.ncbi.nlm.nih.gov/pubmed/38370885
https://doi.org/10.3390/ruminants6030065


Ruminants 2026, 6, 65 18 of 18

24. Magro, S.; Guerra, A.; Sartor, P.; De Marchi, M.; Penasa, M. Heart Girth as a Predictor of Body Weight in Lactating Cows. Animals
2026, 16, 938. [CrossRef] [PubMed]

25. Bunce, C. Correlation, Agreement, and Bland–Altman Analysis: Statistical Analysis of Method Comparison Studies. Am. J.
Ophthalmol. 2009, 148, 4–6. [CrossRef] [PubMed]

26. Chai, T.; Draxler, R.R. Root Mean Square Error (RMSE) or Mean Absolute Error (MAE)?—Arguments against Avoiding RMSE in
the Literature. Geosci. Model Dev. 2014, 7, 1247–1250. [CrossRef]

27. Gebreyesus, G.; Milkevych, V.; Lassen, J.; Sahana, G. Supervised Learning Techniques for Dairy Cattle Body Weight Prediction
from 3D Digital Images. Front. Genet. 2023, 13, 947176. [CrossRef] [PubMed]

28. Machila, N.; Fèvre, E.M.; Maudlin, I.; Eisler, M.C. Farmer Estimation of Live Bodyweight of Cattle: Implications for Veterinary
Drug Dosing in East Africa. Prev. Vet. Med. 2008, 87, 394–403. [CrossRef] [PubMed]

29. Bretschneider, G.; Cuatrin, A.; Arias, D.; Vottero, D. Estimation of Body Weight by an Indirect Measurement Method in Developing
Replacement Holstein Heifers Raised on Pasture. Arch. Med. Vet. 2014, 46, 439–443. [CrossRef]

30. Zeger, S.L.; Liang, K.-Y.; Albert, P.S. Models for Longitudinal Data: A Generalized Estimating Equation Approach. Biometrics
1988, 44, 1049–1060. [CrossRef]

31. Ziegler, A.; Vens, M. Generalized Estimating Equations. Methods Inf. Med. 2010, 49, 421–425. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ruminants6030065

https://doi.org/10.3390/ani16060938
https://www.ncbi.nlm.nih.gov/pubmed/41897915
https://doi.org/10.1016/j.ajo.2008.09.032
https://www.ncbi.nlm.nih.gov/pubmed/19540984
https://doi.org/10.5194/gmd-7-1247-2014
https://doi.org/10.3389/fgene.2022.947176
https://www.ncbi.nlm.nih.gov/pubmed/36685975
https://doi.org/10.1016/j.prevetmed.2008.06.001
https://www.ncbi.nlm.nih.gov/pubmed/18586339
https://doi.org/10.4067/s0301-732x2014000300014
https://doi.org/10.2307/2531734
https://doi.org/10.3414/me10-01-0026
https://www.ncbi.nlm.nih.gov/pubmed/20871939
https://doi.org/10.3390/ruminants6030065

	Introduction 
	Materials and Methods 
	The Animals and Dataset 
	Definition of Tape Accuracy Variables 
	Descriptive and Agreement Analyses 
	Statistical Modelling 

	Results 
	Descriptive Characteristics of the Dataset 
	Overall Agreement Between Scale-Measured and Tape-Estimated Live Weight 
	Tape Accuracy According to Age, Sex and Dam Parity 
	Repeated-Measures Regression Models 
	Main Finding 

	Discussion 
	Conclusions 
	Appendix A
	References

