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PAPER

The application of Legendre Polynomials to model muscularity and body
condition score in primiparous Italian Simmental cattle

Giovanni Buonaiutoa , Nicolas Lopez-Villalobosb , Giovanni Nieroc , Lorenzo Deganod,
Enrico Dadatie, Andrea Formigonia and Giulio Visentina

aDipartimento di Scienze Mediche Veterinarie, Alma Mater Studiorum – University of Bologna, Ozzano dell’Emilia (BO), Italy; bSchool
of Agriculture and Environment, Massey University, Palmerston North, New Zealand; cDipartimento di Agronomia, Animali, Alimenti,
Risorse Naturali e Ambiente, University of Padova, Padova, Italy; dAssociazione Nazionale Allevatori Razza Pezzata Rossa Italiana
(ANAPRI), Udine, Italy; eEsperto di genetica, Parma, Italy

ABSTRACT
The aim of the present study was to develop a model to predict muscularity and body condition
score (BCS) during the lactation of Italian Simmental dairy cows in Emilia Romagna herds. A total of
2656 Italian Simmental primiparous cows from 324 dairy herds were linear classified between 2002
and 2020. Lactation curves for muscularity and BCS were modelled for each cow using random
regression model. The model included the fixed effects of age at linear scoring and days in milk
modelled with a Legendre polynomial, and the random effects of herd-year of classification, cow
and days in milk for each cow modelled with Legendre polynomials. The most parsimonious model
included a fixed cubic Legendre polynomial and a random linear polynomial for cow effects. Results
indicated that, on an average, BCS nadir was anticipated to that of muscularity, and, in both cases,
this moment was around the lactation peak, when animals have the greatest nutrients requirement.
After this period, both BCS and muscularity recovered up to post-partum levels. Moreover, after the
9 month of lactation, the absolute growth rate of muscularity and BCS was negative, suggesting
that late-gestating cows could potentially enter a phase of body conformation loss. Results reported
in the current research indicate that random regression using Legendre polynomials can be success-
fully employed to predict muscularity and BCS during the lactation of dairy cows.

HIGHLIGHTS

� Modelling dairy cows’ muscularity and BCS allows to use these parameters as indicator traits
for functionality in dairy cows.

� The use of prediction model of muscularity and BCS allows to understand the evolution of
these conformation traits during the lactation.

� The analysis of muscularity and BCS allows to assess health and welfare status of dairy cows,
which is essential to maximise production performances.

Abbreviations: AIC: Akaike Information Criterion; AGR: absolute growth rate; ANAPRI: Italian
Simmental Cattle Breeders Association; BCS: Body Condition Score; CFI: interval from calving to
first insemination; Cint: calving interval; CV: coefficient of variation; DIM: days in milk; DO: days
open; Min: minimum; Max: maximum; MSPE: mean square prediction error; MPE: mean predic-
tion error; NIns: number of inseminations; PRI: Italian Simmental; SD: standard deviation; SCS:
Somatic Cell Score; RPE: relative prediction error; r: coefficient of correlation; UC: Udder conform-
ation; M-eq: mature-equivalent
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Introduction

Dairy herd profitability relies on the ability of
productive animals to outperform in milk yield
concurrently with excellent health and fertility.

However, there are other functional cow’s characteris-
tics (e.g. body conformation or body weight) which, if
improved, can reduce culling rate, environmental
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impact and therefore herd profitability (Søndergaard
et al. 2002; Hazel et al. 2017 ; Handcock et al. 2020).

Body conformation, or type, of dairy cows has been
of interest to producers since the beginning of the
development of breeding plans (Miglior et al. 2017).
Moreover, conformation traits, including body size and
muscularity, are moderately to highly heritable, and
they are easy to measure in the early life of an animal
(Roveglia et al. 2019). Therefore, conformation traits
are included in selection indices and are used as indir-
ect predictors of economically important traits (Abo-
Ismail et al. 2017). In the last years, genetic improve-
ment of dairy cattle has focussed on selection of some
conformation traits [e.g. body condition score (BCS)
and muscularity] since these characteristics have an
important role as indirect traits to improve reproduct-
ive performance (Zink et al. 2011; Frigo et al. 2013)
and other functional traits such as calving ease and
longevity (Chapinal et al. 2013; Sawa et al. 2013).

Italian Simmental (PRI) is a double-purpose cattle
breed, mainly reared in North-eastern Italy and it is well-
known for its ability to adapt to farming conditions in
marginal areas (Cesarani et al. 2020b). Italian Simmental
selection program considers both production and con-
formation traits, including muscularity, as well as func-
tional characteristics. Genetic selection for muscularity is
important to maintain and improve the dual-purpose
attitude, which is positively associated with price and
value of culled cows (Bazzoli et al. 2014). However, this
trait could be important also from a functional point of
view. Linear classification, including muscularity and BCS,
is routinely recorded in all first-calving cows reared in
Italy once in a lifetime. However, these characteristics are
known to change within and across lactations (Dechow
et al. 2004; Roche et al. 2007, 2009), and therefore, in the
absence of multiple linear classification, random regres-
sion models could be employed in order to generate
cow-specific muscularity and BCS along the lactation.

Therefore, the objective of the present study was to
develop model to predict BCS and muscularity during
the lactation of Italian Simmental dairy cows. This could
be helpful to identify the most parsimonious combin-
ation of fixed and random polynomials for future gen-
etic evaluations, and to predict muscularity and BCS at
some specific lactation stages for the quantification of
the association between these traits and other animal
characteristics, such as survival and fertility.

Materials and methods

Data source

This study was conducted in collaboration with Italian
Simmental Cattle Breeders Association (ANAPRI, Udine,

Italy), who provided conformation, fertility, and pro-
duction records of 2656 Italian Simmental cows reared
in 324 herds of Emilia-Romagna region, North-eastern
Italy, collected between 2002 and 2020, inclusive. The
data included herd of origin, cow ID, birth date, each
calving date, linear classification date, parity number,
and phenotypes related to conformation (including
BCS and muscularity measured once in first-lactating
cows), fertility [number of inseminations (NINS), days
open (DO), interval calving to first insemination (CFI),
and calving interval (CINT)] and production (mature
equivalent 305-d milk, fat and protein yield). The mus-
cularity was evaluated as buttock’s convexity, assign-
ing a score to cows with thighs that have an
accentuated muscularity and full and muscular but-
tocks with clear convex profile, but with a conform-
ation suitable to allow the udder’s development. The
muscularity of these areas is very important, because
it allows to know the production of prime beef cuts.
This measure can be assessed by trained classifiers on
primiparous cows according to a linear score ranging
from 1 to 9, with higher values indicating greater mus-
cularity. These values are then converted to a linear
scale ranging from 68 (thin) to 93 (muscled) points,
with 1-unit increments (ANAPRI 2021).

The BCS was recorded through linear classifiers by
evaluating the appearance of the ileal and ischial
tuberosities, the thurl and tail head regions, the spin-
ous and transverse process, the ilio-sacral and the
ischial-coccygeal ligaments. The visual and tactile
evaluation of all these areas allowed to classify cows
on a five-point scale, with 0.25-unit increments accord-
ing to Ferguson et al. (1994).

Statistical analysis

Obvious data errors of conformation, fertility, and pro-
duction traits were set as missing. The distribution of
each trait was evaluated through PROC UNIVARIATE
(SAS Institute Inc., Cary, NC) and its normality was
determined by both visual inspection and the
Shapiro–Wilk test statistics. For traits normally distrib-
uted, phenotypic records greater than 3 standard devi-
ations from the respective mean were excluded from
the dataset. In traits, non-normally distributed records
> 99th percentile of each respective trait was set as
missing. Moreover, only records of BCS and muscular-
ity measured between 5 and 365 days in milk (DIM) on
cows calving between 20 and 41months of age were
retained for further analysis. The number of records
after edits is reported in Table 1, while the distribution
of records across DIM is provided in Figure S1.
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Pearson’s correlation coefficients between BCS and
muscularity to fertility and production traits were cal-
culated using the PROC CORR (SAS Institute Inc.). Body
condition score and muscularity lactation curves were
developed according to the following random regres-
sion model using the software Echidna (Gilmour 2020):

yjklm ¼ agej þ
Xn
i¼1

bnPn þ
Xn
i¼1

ankPnk þ herdyearl þ ejklm,

where yjklm is the BCS or muscularity measured by lin-
ear classifier for the kth animal, agej is the fixed effect
of the jth age at linear scoring (30 classes), bn is the
nth (1–4) fixed regression coefficient of the Legendre
polynomial modelling all records of muscularity or BCS
throughout the lactation, ank is the nth (1–4) random
regression coefficient of the Legendre polynomial mod-
elling records of muscularity or BCS throughout the lac-
tation for cow kth (2575 classes), herdyearl is the
random effect of the lth herd-year of linear classifica-
tion (937 classes), and ejklm is the random residual term.
Coefficients of the Legendre polynomial at each DIM
were calculated as follows (Kirkpatrick et al. 1990):
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where z is the standardised DIM, calculated as z ¼
2 DIM�DIMminð Þ
ðDIMmax�DIMminÞ � 1 and DIMmin and DIMmax are the min-
imum and maximum DIM, respectively (Li et al. 2020).

Different orders of fixed and random Legendre
polynomial were fitted to select the most parsimoni-
ous combination to model both BCS and muscularity
lactation curves. In the first instance, only a first-order
Legendre polynomial was fitted as fixed effect.
Second, a first-order Legendre polynomial was fitted
also to the random cow effect. Third, a second-order
Legendre polynomial was included as fixed effect fol-
lowed by a first and subsequently second-order poly-
nomial on the random cow effect. In the other
models, the order of Legendre polynomial was
increased by one unit firstly as a fixed effect, followed
by a one unit increase of the random Legendre poly-
nomial order. The most parsimonious fixed Legendre
polynomial order was chosen based on visual inspec-
tion of the resulting lactation profile for both BCS and
muscularity. According to O’Neill et al. (2013), the cri-
teria to select the most parsimonious order of the ran-
dom Legendre polynomial were: (i) the coefficient of

Table 1. Descriptive statisticsa of records used for dataset.
Traitb N Mean SD CV, % Min Max

Productive traits
Milk production M-eqc, kg 2647 7755.94 1833.44 23.64 1728 13,303
Fat M-eq, kg 2626 289.66 69.86 24.12 60 524
Protein M-eq, kg 2628 263.29 62.78 23.84 59 447
Fat M-eq, % 2616 3.74 0.41 10.96 2.51 5.17
Protein M-eq, % 2629 3.39 0.21 6.19 2.71 4.02

Fertility traits
Age at calving, month 2655 29.56 4.19 14.17 20 41
DO, days 2423 130.90 78.46 59.94 21 420
NINS, units 2442 1.82 1.17 64.29 1 7
CFI, days 2340 83.06 37.64 45.32 21 200
CINT, days 2511 410.57 74.55 18.16 283 640

Linear type traits
Frame, units 2656 81.26 3.05 3.75 68 93
Feet and legs, units 2656 80.17 3.52 4.39 68 90
Udder, units 2656 81.46 3.13 3.84 68 91
BCS, units 2539 3.50 0.29 8.29 2.25 5.00
Muscularity, units 2575 80.10 2.99 3.73 68 91

Min: minimum; Max: maximum; SD: standard deviation; CV: coefficient of variation.
aN: number of records.
bDO: days open; NINS: number of inseminations; CFI: interval from calving to first insemination; CINT: calving interval; UC: Udder conformation; BCS: Body
Condition Score.
cM-eq: mature-equivalent.
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correlation (r) between actual and predicted BCS and
muscularity; (ii) the Mean Square Prediction Error
(MSPE); (iii) the Mean Prediction Error (MPE); (iv) the
Relative Prediction Error (RPE); and (v) the Akaike
Information Criterion (AIC).

Based on Bibby and Toutenburg (1977), the MSPE is
the sum three components, namely, the mean bias,
line bias and random variation. These are represented
in the following equation:

MSPE ¼ xm � x̂mð Þ2 þ S2x̂ 1� bð Þ2 þ S2xð1� r2Þ
where xm and x̂m are the means of the actual and pre-
dicted BCS and muscularity, respectively; S2x and S2x̂ are
the variances of the actual and predicted BCS and
muscularity, respectively; b is the slope of the actual
regression (x) on predicted (x̂) and r2 is the coefficient
of determination of x and x̂:

MPE and RPE were calculated as follows:

MPE ¼
ffiffiffiffiffiffiffiffiffiffiffi
MSPE

p

RPE %ð Þ ¼ MPE
Am

� �
100

Solutions of the most parsimonious model for mus-
cularity and BCS were used to generate individual ran-
dom lactation curves for both traits. This dataset,
which included a total of 939,875 predictions of mus-
cularity and BCS (i.e. 365 predictions for individual
DIM for each individual cow), was then stratified into
four classes based on cows’ age at calving as:
20–26months (early calving cows), 27–29months
(mid-early calving cows), 30–32months (mid-late calv-
ing cows), and 33–41months (late calving cows).
Subsequently a linear mixed model, adjusting for the
fixed effect of the interaction between individual DIM
and age at calving class, was employed to generate
average lactation profile of muscularity and BCS for
the different age at calving classes.

Finally, the absolute muscularity and BCS growth
rate (AGR) was calculated as:

AGR ¼ ðBTx�BTyÞ
ðtx � tyÞ

where BTx and BTy are the corresponding predicted
muscularity or BCS at DIM x and y, tx is the initial age
in days and ty is the final cow’s age in days.

Results and discussion

Descriptive statistics

Summary statistics for conformation, fertility, and pro-
duction traits are reported in Table 1. Mature-equiva-
lent (M-eq) 305-d milk production averaged

7755.94 ± 1833.44 kg, while mean values for M-eq 305-
d fat and protein yields were 289.66 and 263.29 kg,
respectively (Table 1). The average daily milk yield is
slightly greater than results reported by Penasa et al.
(2014) and Visentin et al. (2018), who investigated
sources of variation of milk quality characteristics in
Simmental and other dual-purpose and specialised
dairy cows in Veneto Region and Bolzano Province
(Italy), respectively. This is also reflected in lower aver-
age fat and protein percentage reported in the pre-
sent study, compared to Penasa et al. (2014) and
Visentin et al. (2018). The age at first calving of the
cows involved in the present study was on average
29.56 ± 4.19months. The means of CFI, DO, CINT were
83.06, 130.90, and 410.57 days, respectively (Table 1).
The average value of CINT is similar to the value of
400 d reported by Cesarani et al. (2020a) in a large
dataset of Italian Simmental cows. The average BCS of
cows involved in the current study was 3.50 and
ranged from 2.25 to 5.00, similarly to Frigo et al.
(2013) who estimated genetic parameters of BCS and
muscularity in Italian Simmental. Kadarmideen and
Wegmann (2003) reported lower BCS values in Swiss
Holstein compared with the values estimated in the
present study. These results suggest that Italian
Simmental is generally less prone to a reduction of
BCS, and therefore subcutaneous adipose tissue,
through lactation. Among all traits considered in the
present study, linear traits were those characterised by
the lowest variation (CV ranging from 3.73% to 8.29%;
Table 1). The coefficient of variation of BCS recorded
in this study is similar to that reported in Roche et al.
(2009). The average muscularity score of cows in the
present study was 80.10 ± 2.99 units, whereby the
coefficient of variation was the smallest among all lin-
ear traits (3.73%; Table 1). This result is slightly greater,
yet expected, than the CV reported by Cesarani et al.
(2020b) who estimated genetic parameters of beef
traits, including muscularity, in Italian Simmental using
data collected on young bulls.

Phenotypic correlations

Table 2 shows the correlation coefficients of muscular-
ity and BCS between other conformation, fertility and
reproduction traits. As regards the productive traits,
results indicated a positive and significant correlation
between mature-equivalent productive traits and mus-
cularity (from 0.04 to 0.20, p< .05). While the analysis’
result showed a positive and statistically significant
(p< .05) correlation between BCS, Fat M-eq %, and
Protein M-eq % (0.04 and 0.21, respectively), the
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association between muscularity and BCS to milk pro-
duction traits is known to depend on dairy cattle
breeds. In particular, De Haas et al. (2007b) suggested
that in Holstein and Simmental breeds, body measure-
ments and milk production traits were strongly and
positively genetically correlated. This indicates that in
these dairy breeds, genetically taller, wider and deeper
cows are more productive. Some studies (Mazza et al.
2016; Mancin et al. 2021) reported a positive correl-
ation between udder conformation traits and muscu-
larity. Mazza et al. (2016), using factor analysis to
individual type traits for muscularity and udder of
32,275 first parity Aosta Red Pied cows, obtained a
negative genetic correlation with both muscularity
and udder size (�0.38). Comparable correlations
between muscularity and udder size have also been
reported in other specialised dairy and beef cattle. For
example, Mrode and Swanson (1994) observed a nega-
tive corelation in Ayrshire (from �0.41 to �0.12). Also,
Mantovani et al. (2010) reported a negative correlation
in Italian Piemontese beef cattle (from �0.19 to
�0.15). However, Mazza et al. (2016) reported a posi-
tive but weak genetic correlation between muscularity
and udder conformation (0.21). The results obtained in
the present study reflect the correlation estimated by
Sartori et al. (2015), in Aostan Chestnut and in other
dairy specialised (e.g. Brown Swiss; De Haas et al.
2007a, 2007b) or dual-purpose breeds such as
Simmental (Frigo et al. 2013) or Rendena (Mazza
2015). Also, Mancin et al. (2021), through factor ana-
lysis of 21 type traits evaluation (including rear muscu-
larity) of 11,320 Alpine Grey primiparous cows,

reported a negative correlation between milk traits (in
particular the udder volume) and rear muscularity
(�0.28). Furthermore, Mancin et al. (2021) have
observed that head traits and the rear legs traits are
negatively correlated with beef traits (�0.32 with rear
muscularity). All these results provided some examples
of the antagonism between beef and dairy attitudes;
Royal et al. (2002) have described this phenomenon as
a result of the gluconeogenesis occurring during milk
production, involving the mobilisation of energy from
tissues and from both protein and fat reserves. The
negative correlations reported between milk and beef
traits can been associated in the distinct asset of
genes involved in metabolism regulation, collagen
catabolism’s and myogenesis compared to milk syn-
thesis (Maiorano et al. 2018).

The present study found a positive correlation
between muscularity and number of inseminations
(0.05, p< .01). A similar trend was observed with the
correlation between cows’ BCS and number of insemi-
nations (0.05, p< .05). Berry et al. (2003) and De Haas
et al. (2007a) estimated the genetic correlations
between BCS and fertility traits with a random regres-
sion model, suggesting that BCS is an indicator of
cow’s fertility independently from the frequency
of scoring.

As far as it concerns the linear type traits, data of
the present research reported a strong positive correl-
ation between muscularity and some conformation
traits (0.30, 0.13 and 0.59, for Frame, Feet and legs
and BCS, respectively, p< .01), while BCS has a posi-
tive correlation between frame (0.14, p< .01), feet and
legs (0.15, p< .01) but a negative correlation to udder
(�0.06, p< .01). Regarding Holstein, De Haas et al.
(2007b) reported a weak genetic correlation between
body conformation (e.g. body depth and muscularity)
and SCS. These correlations indicate that Brown Swiss
and Simmental cows with a body conformation more
’dairy type’ (i.e. with larger size and less muscularity)
have higher SCS and therefore potentially more udder
health problems. However, Mancin et al. (2021)
observed that in first-calving Alpine Grey, muscularity
had a moderate negative relationship with milk yield
traits (from �0.16 to �0.46).

Goodness of fit statistics

Tables 3 and 4 present the goodness of fit statistics of
the prediction models for muscularity and BCS,
respectively. Regarding muscularity, the most parsimo-
nious model with the lowest AIC (7964.40), was
obtained for the regression model applying a cubic

Table 2. Pearson correlation coefficients between BCS and
muscularity and other productive, fertility, and linear
type traits.
Traita Muscularity BCS

Productive traits
Milk production M-eqb, kg 0.04� �0.02
Fat M-eq, kg 0.06�� �0.002
Protein M-eq, kg 0.09�� 0.04
Fat M-eq, % 0.04� 0.04�
Protein M-eq, % 0.20�� 0.21��

Fertility traits
Age at calving, month 0.02 0.02
DO, days �0.01 �0.01
NINS, units 0.05�� 0.05�
CFI, days �0.03 �0.03
CINT, days 0.01 0.02

Linear type traits
Frame, units 0.30�� 0.14��
Feet and legs, units 0.13�� 0.15��
Udder, units �0.04 �0.06��
BCS, units 0.59�� –

�p< .05; ��p< .01.
aDO: days open; NIns: number of inseminations; CFI: interval from calving
to first insemination; Cint: calving interval; UC: Udder conformation; BCS:
Body Condition Score
bM-eq: mature-equivalent.
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fixed polynomial and a linear random polynomial
(Table 3). The AIC (Akaike 1974) is useful for model
comparison to select the most parsimonious model
which minimises information loss (i.e. the model with
the lowest AIC). In addition, in this prediction model,
the slope of the linear regression between measured
and predicted muscularity was 0.42, with a strong cor-
relation coefficient (0.85; Table 3) while RPE was 2.10.
Models with a lower order fixed polynomial were char-
acterised by similar correlation coefficients between
actual and predicted values of muscularity (i.e. 0.87;
Table 3), slope (i.e. 0.42–0.43; Table 3), yet by greater
AIC compared. Regarding BCS, the model with the
smallest AIC was the model that included a fourth-
order fixed polynomial and a random linear polyno-
mial. However, based on the lactation profile of BCS,
the third-order fixed polynomial was the most parsi-
monious to model BCS. In particular, the AIC of the
model fitting a cubic fixed polynomial and a linear
random polynomial was �3920.42 and this combin-
ation was considered the most parsimonious also to
model BCS. The correlation coefficients between actual
and predicted BCS by the latter model was strong

(0.82; Table 4) with a small RPE (0.46; Table 4).
According to Fuentes-Pila et al. (1996), a RPE value
lower than 10% indicated satisfactory prediction,
between 10% and 20% indicates good or acceptable
prediction, and greater than 20% indicates unsatisfac-
tory prediction. In the present study, the RPE obtained
for all the models was excellent.

Muscularity and BCS modelling

Figure 1 shows the average random lactation curves
profiles for muscularity (A) and BCS (B) of cows at dif-
ferent calving age (in months). Both profiles indicated
a nadir around the period corresponding to milk pro-
duction peak. These results are consistent also with
studies conducted in Italian Simmental (Frigo et al.
2013) or in Holstein-Friesian (Megahed et al. 2019).
During this period, cows usually have strong nutrient
requirements which cannot be fully compensated with
feed intake (Harder et al. 2019). Muscularity of heifers
and dairy cows constitute a protein and energy
reserve that is used in challenging periods, allowing
the animal to avoid the mobilisation, in very short

Table 3. Goodness of fit measuresa of Legendre polynomials of different orders for the prediction of muscularity of Italian
Simmental in Emilia Romagna dairy herds.
Polynomial order

MeanA MeanP Bias

Regression

MSPE MPE RPE AICFixed Random Intercept Slope r

1 1 80.10 80.10 0.00 45.29 0.43 0.87 2.75 1.66 2.07 7975.10
2 1 80.10 80.10 0.00 45.21 0.44 0.87 2.75 1.66 2.07 7979.49
3 1 80.10 80.10 0.00 46.68 0.42 0.85 2.83 1.68 2.10 7964.40
4 1 80.10 80.10 0.00 46.73 0.42 0.85 2.83 1.68 2.10 7968.36
2 2 80.10 80.10 0.00 48.04 0.40 0.84 2.65 1.63 2.03 7982.01
3 2 80.10 80.10 0.00 50.02 0.38 0.81 2.74 1.65 2.07 7966.95
4 2 80.10 80.10 0.00 50.01 0.38 0.81 2.74 1.66 2.07 7970.86
3 3 80.10 80.10 0.00 51.87 0.35 0.78 2.70 1.64 2.05 7968.05
4 3 80.10 80.10 0.00 51.85 0.35 0.78 2.71 1.65 2.05 7971.93
4 4 80.10 80.10 0.00 53.41 0.33 0.75 2.69 1.64 2.05 7972.60
aMeanA: mean of actual values; MeanP: mean of predicted values; r: coefficient of correlation; MSPE: mean square prediction error; MPE: mean prediction
error; RPE: relative prediction error; AIC: Akaike information criterion.

Table 4. Goodness of fit measuresa of Legendre polynomials of different orders for the prediction of BCS of Italian Simmental in
Emilia Romagna dairy herds.
Polynomial order

MeanA MeanP Bias

Regression

MSPE MPE RPE AICFixed Random Intercept Slope R

1 1 3.50 3.50 0.00 2.06 0.41 0.84 0.00 0.02 0.45 �3929.97
2 1 3.50 3.50 0.00 2.07 0.41 0.84 0.00 0.02 0.45 �3922.12
3 1 3.50 3.50 0.00 2.10 0.40 0.82 0.00 0.02 0.46 �3920.42
4 1 3.50 3.50 0.00 2.09 0.40 0.83 0.00 0.02 0.46 �3912.83
2 2 3.50 3.50 0.00 2.29 0.35 0.76 0.00 0.02 0.45 �3919.38
3 2 3.50 3.50 0.00 2.30 0.34 0.75 0.00 0.02 0.45 �3918.06
4 2 3.50 3.50 0.00 2.29 0.35 0.75 0.00 0.02 0.45 �3910.48
3 3 3.50 3.50 0.00 2.12 0.39 0.82 0.00 0.02 0.45 �3920.89
4 3 3.50 3.50 0.00 2.11 0.40 0.82 0.00 0.02 0.46 �3913.49
4 4 3.50 3.50 0.00 2.11 0.40 0.82 0.00 0.02 0.46 �3913.43
aMeanA: mean of actual values; MeanP: mean of predicted values; r: coefficient of correlation; MSPE: mean square prediction error; MPE: mean prediction
error; RPE: relative prediction error; AIC: Akaike information criterion.
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periods, of all fat reserves, determining the appear-
ance of typical symptoms known as fat cow syndrome
(Roche et al. 2013; McNamara and Huber 2018;
Pascottini et al. 2020). This state of negative energy
balance affects the cow’s body reserves making a loss
of body tissue to compensate the energy loss; indeed,
this problem can make cows more susceptible to
some diseases (such as mastitis or lameness) or meta-
bolic disorders (e.g. acidosis or ketosis) and affect the
reproductive performance (von Leesen et al. 2014).
The muscle tissue’s mobilisation contributes to free
amino acids in the plasma pool, which can be used
for numerous biological processes including milk

protein synthesis, direct oxidation or gluconeogenesis
(McCabe and Boerman 2020). This situation is also
reported by other authors (Roche et al. 2013;
Pascottini et al. 2020) and is a consequence of genetic
selection (especially in some breeds, e.g. Holstein
Friesian) mostly focussed on prioritising milk produc-
tion. However, after this period (Figure 1), on average,
cow’s muscularity recovered up to pre-lactation levels.

Figure 2 shows the AGR variations of muscularity
(A) and BCS (B). Figure 2(A) indicates that the period
of muscularity growth within lactation is approxi-
mately between 82 and 277 DIM. As regards to BCS
(Figure 2(B)), the AGR shows an earlier recovery of
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Figure 1. Lactation curve profiles for muscularity (A) or Body Condition Score (B) for cows calving at different age (in months).

356 G. BUONAIUTO ET AL.



body fat reserves starting before the second month of
lactation, with a continuous positive trend until the
ninth month of lactation. These trends are similar to
that reported in other studies (Berry et al. 2006;
McCarthy et al. 2007; Sumner and McNamara 2007).
As stated previously, this moment corresponds to the
period when the animal has a greater nutritional
need, necessary to sustain milk production, mainten-
ance requirements and foetal growth. In fact, the
nutritional needs of foetus have the priority over
many metabolic functions of the mother. The mobil-
isation of muscle proteins occurring in this phase are

therefore also involved in animals’ reproductive per-
formances. The use of cow’s protein reserve is of cru-
cial importance in double-purpose breeds (therefore
also in Italian Simmental) that include meat produc-
tion in their breeding objectives, supporting the inclu-
sion of muscularity evaluation during linear type
classification. Frigo et al. (2013) observed a decrease
of muscularity in early lactation in Italian Simmental in
comparison to high milk producing cows. This charac-
teristic is different in various cattle breeds. Indeed,
Tamminga et al. (1997) have observed that in Dutch
and Holstein Friesian cows the mobilisation of body

−0.1

−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

5 30 55 80 105 130 155 180 205 230 255 280 305 330

M
us

cu
la

ri
ty

, A
bs

ol
ut

e 
gr

ow
th

 r
at

e

Days-in-milk

A

20-26 Months 27-29 Months 30-32 Months 33-41 Months

−0.007

−0.006

−0.005

−.004

−0.003

−0.002

−0.001

0

0.001

0.002

0.003

0.004

5 30 55 80 105 130 155 180 205 230 255 280 305 330

B
od

y 
C

on
di

tio
n 

Sc
or

e,
 A

bs
ol

ut
e 

gr
ow

th
 r

at
e

Days-in-milk

B

20-26 Months 27-29 Months 30-32 Months 33-41  Months

Figure 2. Absolute growth rate (AGR) for muscularity (A) and body condition score (BCS) (B) for cows calving at different age
(in months).
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reserves, and the relative composition of tissues
involved, were different over the lactation.

The use of random regression models to generate
cow-specific lactation profile of muscularity and BCS
could be important for different purposes. In the first
instance, random regressions are normally used now-
adays to generate EBV for milk traits across DIM within
the national genetic evaluations. This estimation could
be useful in order to alter not only the height of a lac-
tation profile for a specific trait, which could be
indeed achieved by a simple repeatability animal
model, but also its shape (Kirkpatrick et al. 1990). This
is of particular interest, for instance, in traits manifest-
ing a significant variation within lactation stage, such
as production traits (Jensen 2001), processing charac-
teristics (Visentin et al. 2017), but also other animal
characteristics such as BCS and fertility (Berry et al.
2003; De Haas et al. 2007a). Moreover, the possibility
to generate cow-specific lactation profiles for muscu-
larity and BCS could be important for management
purposes and to quantify the association between
these traits at some specific lactation stages and cows’
survival rate or fertility. Another outcome of the pre-
sent study is the identification of the most parsimoni-
ous orders of fixed and random Legendre polynomials
for future genetic evaluations using random regression
models. However, to increase the accuracy of predic-
tion of both muscularity and BCS more measurements
per lactation are needed, even using technologies in
the field of precision livestock farming.

Conclusions

Results reported in this study indicate that random
regression using Legendre polynomials can accurately
predict muscularity and BCS of Italian Simmental dairy
cows. The differences observed during the lactating
period are due to the increase of nutritional require-
ments of cows, especially during the lactation peak
that are not met by the intake of nutrients. During the
last lactation stage, dairy cows mobilise fat reserve
and muscle’s protein to supply amino acids for gluco-
neogenesis and for milk protein synthesis. Results of
the present study can be exploited in order to quan-
tify the association between conformation and (re)pro-
ductive traits at different period of lactation, in the
absence of a regular and repeated measures of mus-
cularity and BCS within lactation.
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