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ARTICLE INFO ABSTRACT

Keywords: Optimal body condition is crucial for the well-being and optimal productivity of dairy cows. However, body
Body condition condition depends on numerous, often interacting factors, with complex relationships between them. Moreover,
Overconditioning most of the studies describe the body condition in Holstein cattle, while condition of some breeds, e.g. Simmental
Underconditioning

(SIM) and Brown Swiss (BS) cattle, have not been intensively studied yet. Body condition score (BCS) proved to
be one of the most effective measures for monitoring body condition in dairy cows. Alterations in BCS were
previously mainly studied over a single lactation period, while changes over the lifetime were largely ignored.
This study was designed to report BCS of German SIM and BS cows in the light of the broadly accepted BCS in
German Holstein (GH) cows and to explore patterns of change in BCS over the productive lifetime of animals.
BCS was modeled via linear mixed effects regression, over- and undercondition of animals were studied using
mixed effects logistic regressions and condition of animals was explored with the multinomial log-linear model
via neural networks. All models included an interaction between breed and age. We found BCS of SIM and BS to
be higher than BCS of GH. Our results show that BCS of BS cows did not change over the lifetime. In contrast, the
BCS of GH and SIM was found to have a non-linear (quadratic) shape, where BCS increased up to the years of
highest productivity and then decreased in aging cows. Patterns of change between SIM and GH, however,
differed. GH do not only reach their highest BCS earlier in life compared to SIM, but also start to lose their body
condition earlier. Our dataset revealed that 23% of the animals scored were over- and 14% underconditioned.
The proportion of cows that were overconditioned was high (>10% of cows) for every breed and every age, while
severe underconditioning (>10% of cows) occurred only in middle aged and old GH. Moreover, we found that
the probability of underconditioning of animals over lifetime increases, while the overconditioning decreases
from the middle to older ages. Our findings highlight the importance of understanding the non-linear nature of
BCS, and uncover the potential opportunity for improving the performance and welfare of dairy cows by
adjusting their nutrition, not only during lactation, but also highly specific to breed and age.

Simmental cattle
Brown Swiss cattle

1. Introduction important tool in dairy herd management (Metzner et al., 1993; J. R.

Roche et al., 2009; John R. Roche et al., 2013). For instance, optimal

Body condition in dairy cows is one of the most important indicators
reflecting animal health, energy status, production level, reproductive
success and longevity of dairy cows (Metzner et al., 1993; Jones et al.,
2016; Roche et al., 2007). To this end, body condition score (BCS) is an
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BCS facilitates the mobilization of body reserves to support milk pro-
duction (Butler, 2014) and may greatly influence the reproductive
success, e.g. increase the success rate for artificial insemination (AI) and
conception (Bates & Saldias, 2019). Cows with insufficient BCS and
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cows with a nadir of BCS in the post partum period below optimum are
at risk to have lower conception rates (Domecq et al., 1997; Pryce et al.,
2001), to be more prone to metabolic (John R. Roche et al., 2013;
Schuster et al., 2020) and infectious diseases (Abunna et al., 2010; Jaja
et al., 2017), e.g. endometritis (Heuer et al., 1999; Hoedemaker et al.,
2009), to have decreased milk yield (Domecq et al., 1997; Souissi &
Bouraoui, 2019) and higher culling rates (Hoedemaker et al., 2009). A
steep decrease in BCS was found to increase the odds of lameness in a
number of studies (Hoedemaker et al., 2009; Oehm et al., 2020; Randall
et al., 2018). Shrinkage of the fat cushion within the horn shoe and
subsequent horn disruption lesions were shown to form an important
risk factor for claw disorders (Newsome et al., 2017). Some studies,
however, reported either no association between BCS and lameness
(Daros et al., 2020) or increased lameness prevalence in obese cows
(Kellogg, 2010). Moreover, obese cows are also prone to develop health
disorders (Locher et al., 2015; Sundrum, 2015) such as dystocia,
retained placenta, milk fever, ketosis, downer cow syndrome (Heuer
et al.,, 1999; Kellogg, 2010) and were shown to result in reduced
reproductive performance (Correa et al., 1990; Jorritsma et al., 2001).
Thus, understanding BCS, as valuable management tool, is crucial for a
well-being and optimal productivity of dairy cows (J. R. Roche et al.,
2009).

The majority of studies on BCS, however, explored only a small
number of cows (Median = 750, IQR [409; 1257], J. R. Roche et al.,
2009) in a few, often well-managed commercial farms or herds (e.g. 76
farms, Berry et al., 2007) with animals in a good condition (Waltner
et al., 1993) and thus with a narrow BCS range (J. R. Roche et al., 2007)
predominantly of the Holstein breed (Waltner et al., 1993; J. R. Roche
et al., 2009). Therefore, the knowledge related to body condition of
cattle is limited and potentially biased towards healthy Holstein ani-
mals. For instance, Hoedemaker et al. (2009) only found a few under- or
overconditioned animals among 234 German Holstein cows. In the
current study, we try to close this gap in the variability by investigating
the BCS of a large sample of 75,641 dairy cows of three main breeds in
dairy production in Germany: German Holstein (GH), Brown Swiss (BS)
and Simmental cattle (SIM) on 754 farms. The special focus of this study
is on the BCS of SIM and BS as these breeds have not been intensively
explored yet. Moreover, we explicitly model over- and under-
conditioning (as separate phenomena) in dairy cows of all three breeds
in order to compare them, which, to our knowledge, also has not been
done before.

Such large amount of data provides an analytic challenge. Statistical
models proved to be one of the best tools for gaining insights from large
data sets. In a comprehensive review about BCS, J. R. Roche et al. (2009)
described numerous modeling approaches applied to study the body
condition of cows. Many of these uncovered non-linear associations
between BCS and important variables, such as reproductive success or
occurrence of diseases (i.e. incidence of milk fever, Gallo et al., 1996;
Koenen et al., 2001; J. R. Roche et al., 2007). Interestingly, most of these
non-linear relationships were described for and therefore restricted to
the lactation period (Hoedemaker et al., 2009; Rinell & Heringstad,
2018; Wildman et al., 1982). Thus, if non-linearity is yet strongly
coupled with BCS during lactation, it is plausible to assume that BCS
may non-linearly change over productive lifetime, which is defined as
the time from first calving until culling (Compton et al., 2017; Ducrocq
et al., 1988; Schuster et al., 2020).

The general aim of this study was to report BCS of Simmental (9140
cows) and Brown Swiss (1184 cows) cattle in comparison to more
commonly used and therefore more extensively studied milk-orientated
German Holstein breed (65,317 cows). Since SIM and also BS cows to
some extent are dual-purpose breeds (milk and meat), predominantly
held in mountainous regions of the world, we hypothesize that a dif-
ference might exist in BCS across breeds. Specific objectives of our study
are, first, to explore changes in BCS over the whole productive life of
cows, from an age of 575 up to 6695 days (1.6 — 18.3 years), second, to
compare those changes among GH, BS and SIM cattle, and finally, we
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aim to understand temporal patterns of change in over- and under-
conditioning and to quantify the associations between body condition
score of different breeds with their age.

We hope that our findings can contribute to a better animal welfare
of dairy cows and uncover the potential opportunities for improving the
performance of dairy cows without compromising health and welfare by
adjusting their nutrition, not only during lactation, but also highly
specific to breed and age.

2. Materials and methods
2.1. Farm recruitment and data collection

Data were collected in an extensive cross-sectional study across
Germany, which had been initiated and funded by the German Federal
Ministry of Food and Agriculture through the Federal Office for Agri-
culture and Food, grant number 2814HS006-8. Dairy farms were
located in three geographically different dairying regions in Germany.
Particularly, federal states of Lower Saxony and Schleswig-Holstein in
the region North, federal states of Thuringia, Saxony-Anhalt, Branden-
burg, and Mecklenburg-Western Pomerania in the region East and fed-
eral state of Bavaria in the region South were studied. Within the three
study regions 754 farms (North: 249; East: 245; South: 260) with a total
number of 75,641 dairy cows (North: 22,105 cows (56.6% of observa-
tions); East: 42,810 cows (29.2%) South: 10,726 cows (14.2%)) were
visited by researchers on a single occasion between December 2016 and
August 2019. A total of 250 farms per study region were determined by
the power analysis with a power of 80% and a level of significance of
5%. The selection of farms was assigned randomly and based on their
administrative district within the federal state and study region. A
response rate of 30 — 40% was expected. Within each study region, a
total amount of 1250 farms, i.e. 5 times more farms than required for the
study, were drawn from the underlying population in order to cover a
response rate of at least 20%. Region-specific farm size cut-off values
were determined in order to obtain a realistic distribution of farm sizes
within the study population and due to structural differences in dairy
farming in Germany (Merle et al., 2012). The participation in the study
was voluntary with a written consent of interested farm managers for
participation and data inspection. All farm-specific information was
handled according to the principles of the German and European data
protection legislation.

Data on breed, days post partum and age collected during the farm
visit were recorded via data entry forms and later manually transferred
to a central SQL-data base. The individual ear tag number was recorded
for each cow. All cows were subjected to scoring for body condition.
Body condition score was assessed following the 5-point scale with 0.25-
unit increments presented by Edmonson et al. (1989), later modified by
Metzner et al. (1993), by 15 trained veterinarians across the three study
regions. Inter-observer agreement between all of the involved researches
was evaluated three times during the study period. Each of these eval-
uations was conducted during a two-day workshop which included
scoring of cows, general training and discussions. During the first ses-
sion, 43 dairy cows were scored for BCS, resulting in the Intraclass
Correlation Coefficient (ICC) of 0.59. During the second assessment, 59
cows were scored, resulting in the ICC of 0.79. The third assessment date
included 60 cows for scoring and yielded an ICC of 0.76. According to
guidelines provided by Cicchetti (1994), the agreement in the last two
sessions is considered to be excellent (ICC between 0.75 and 1) and
suggests successful training. Therefore, we assumed no differences in
scoring among professionals and thus neither explicitly explored it here
as a fixed effect, nor included individual veterinarians into the model as
a random effect.

2.2. Data editing

Since it would hardly be possible to collect BCS data from 75,641
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animals over the course of their entire life (which could take up to 20
years), the distribution of BCS collected from differently aged animals in
the time of the study (December 2016 — August 2019) were used to
define the lifetime. Cows with an age from 575 days (1.6 years) to 6695
days (18.3 years) were considered, yet, the number of animals over nine
years old was fairly limited (the histogram for age is provided in the
supplementary material, Fig. 6). Due to the violation of the linearity
assumption uncovered during the first round of analysis (Fig. 3B & D),
the initially numeric variable age, which showed a quadratic (parabolic)
non-linear and therefore difficult to interpret trend, was categorized into
young (< three years), old (> nine years) and mid-age. The mid-age
differed among breeds and was determined by the top of the age-
curve (Fig. 3D). Particularly, days 1800 — 2100 showed the highest
BCS in GH while days 1900 — 2700 in SIM and BS. This categorization of
age naturally resulted into 46,693 Unknown observations of age [cate-
gory] (Table 2), but did not change the inference of the final model as
compared with the final model containing all age values.

The numeric BCS variable was used to determine the overall condi-
tion of individual breeds adjusted for every particular lactation period
into three categories: normal condition, overconditioned and under-
conditioned animals. The limits for this categorization are provided in
Table 1 (Kritzinger and Schoder, 2009a, 2009b; Kritzinger et al., 2009),
whereas the lowest number was always chosen if a span of a lower limit
was provided (e.g. 2.75 for the span from 3.25 to 2.75) and the highest
number was always chosen if a span of an upper limit was provided (e.g.
3.75 for the span from 3.75 to 3.40). The lactation stage was determined
by the days post partum as displayed in Table 1. A total of 1709 (2.26%)
missing days post partum values naturally resulted into 1709 Unknown
observations of body condition (Table 2).

2.3. Statistical analysis

All analyses were conducted using R Statistical software (R version
4.0.3, 2020; RStudio desktop version 1.4.1103, 2021). All packages used
in the current study are listed in the supplementary material (Tab. 5).

First, as recommended by Dohoo et al. (1997), the univariate ana-
lyses of predictors age, region and breed (as fixed effects) on BCS
(response variable) were performed with linear mixed effects models.
Each model included farm as random effect. Any variable having a
p-value < 0.2 during the univariate test was selected as a candidate for
the multivariate model without interactions. The assumption of multi-
collinearity among predictors was then checked via the
variance-inflation factor (VIF). The importance of variables in the
multivariate model was determined via Random Forest algorithm,
which allowed to compare variables using the Increased Mean
Square-Error (%IncMSE), or mean decrease accuracy. The variables with
the highest %IncMSE give the best prediction and thus contribute the
most to the model (Breiman, 2001). The numeric variable age was tested
for the linearity of association with the outcome BCS using a non-linear

Table 1

Optimal lower (LL) and upper (UL) limits of body conditin score (columns 3-6)
for German Holstein (GH), Simmental (SIM) and Brown Swiss (BS) cows
adjusted for a lactation stage (Kritzinger et al., 2009; Kritzinger and Schoder
2009a, 2009b). Days post partum (days p.p.) were used to separate lactation
stages.

Lactation Days p. GH&BSLL GH & BS SIM LL SIM UL
stage p. UL
1.1. third 0-29 3.25\\2.75  3.75\:3.40 3.75\3.30  4.25\,4.00
1.2. third 30-99 2.75\2.50  3.40\.3.00 3.30\3.25  4.00\:3.75
2. third 100 - 2.50,2.75  3.00,/3.25 3.25 3.75
199
3. third 200 - 2.75/3.25  3.25/3.75 3.25/3.75  3.75/4.25
299
dry <0 & 3.25 3.75 3.75 4.25
>299
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Table 2

Basic breed specific descriptive statistics of a dataset, where breeds are: GH -
German Holstein, SIM - Simmental and BS - Brown Swiss cattle. The lactation
stages are determined by the days post-partum in Table 1. Condition categories
are based on the optimal BCS range per breed per lactation stage as described in
Table 1. Breed specific categorization of age (described in material and methods)
into three specific categories resulted in a high amount of missing values
(unknown).

Variable GH, N = 65,317} BS, N =1,184! SIM, N = 9,140"

region

East 42,578 (65.2%) 63 (5.3%) 169 (1.8%)

North 21,990 (33.7%) 27 (2.3%) 88 (1.0%)

South 749 (1.1%) 1094 (92.4%) 8883 (97.2%)

age [days] 1494 (1128, 1730 (1322, 1603 (1216,
1997) 2365) 2165)

age [category]

1. young 14,767 (60.7%) 144 (26.6%) 1504 (36.8%)
2. mid-age 7904 (32.5%) 308 (56.8%) 2229 (54.6%)
3. old 1652 (6.8%) 90 (16.6%) 350 (8.6%)
Unknown 40,994 642 5057

BCS 3.25 (2.75, 3.75) 3.50 (3.00, 3.75) 3.75 (3.50, 4.00)
condition

normal 39,201 (61.4%) 731 (63.4%) 6366 (71.0%)
overconditioned 15,043 (23.6%) 329 (28.5%) 1742 (19.4%)
underconditioned 9565 (15.0%) 93 (8.1%) 862 (9.6%)
Unknown 1508 31 170

lactation stage

1.1. third 4934 (7.7%) 65 (5.6%) 803 (9.0%)
1.2. third 11,993 (18.8%) 203 (17.6%) 1719 (19.2%)
2. third 16,798 (26.3%) 340 (29.5%) 2432 (27.1%)
3. third 15,367 (24.1%) 284 (24.6%) 2169 (24.2%)
dry 14,717 (23.1%) 261 (22.6%) 1847 (20.6%)
Unknown 1508 31 170

n (%); Median (IQR)

generalized additive mixed effects model with different degrees of
smoothness (from two to nine) in order to explore potential changes in
the shape of the BCS curve throughout the life of animals. Breusch-Pagan
test (Breusch & Pagan, 1979) was used to test the assumption of heter-
oscedasticity of residuals, while the normality of the residuals distri-
bution was assessed visually.

Models (e.g. with and without interaction) were manually compared
using four main performance quality indicators: Akaike’s Information
Criterion (AIC), Bayesian Information Criterion (BIC), Conditional co-
efficient of determination R?> and Marginal coefficient of determination
R?. The final model was supposed to keep only non-multicollinear and
significant (p < 0.01) variables and interactions and to have the best
combination of predictive (AIC and BIC) and fitting (R?) power.

A final multiple linear mixed effects model (estimated using REML
and nloptwrap optimizer) was defined to study the association between
the outcome variable BCS with predictors categorical age and breed,
with the interaction between them. Variable region was removed due to
the multicollinearity with breed and due to the lower importance
measured by random forest’s %IncMSE as compared to breed. The final
model included farm as random effect. The 95% Confidence Intervals
(CIs) and p-values were computed using Wald approximation.

BCS ~ lage * breed + (1|farm) + error D

where:

e BCS is body condition score from one to five.

e Age is categorized into “1. young,” “2. mid-age” and “3. old” animals.

e Breed represents German Holstein (GH), Simmental (SIM) and
Brown Swiss (BS) cows.

e With a random farm effect fitted on the intercept.

Contrasts (differences) between particular categories of breed and
age were assessed after the model fit by the estimated least-squares
marginal means (emmeans), with the Benjamini & Hochberg p-value
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correction for multiple comparisons (Benjamini et al., 1995). An error
level of 0.01 was used to declare statistical significance, while a < 0.05
was used for associations trending for statistical significance. A stricter
level of significance was used in order to reduce the probability of a Type
I error due to the high amount of data.

Percentages of animals with different body conditions (normal, over-
and underconditioned) were first determined separately for breed and
age categories and the association between them was assessed by a
Pearson’s Chi-Square test. Secondly, both over- and underconditioning
were separately modeled with a logistic mixed effects regression (esti-
mated using Maximum Likelihood and Nelder-Mead optimizer) in order
to predict the over- or undercondition with an interaction between
categorical age and breed. Categorical age instead of the numeric age
was chosen due to the non-linear effect of age on animal’s condition.
Each of these models included farm as random effect. Finally, in order to
double-check the results of two logistic regressions, we modeled the
probabilities of all three conditions (normal, over- and under-
conditioned) together in a single non-parametric multinomial log-linear
classification model via (single-hidden-layer) neural network.

Since cows have several lactations during their life, BCS changes
during lactation (days —60 — 500) would create a “time-conflict” as
compared to BCS changes over the whole life of animals (days 575 —
6695, being a focus in this study). Therefore, days post partum was not
considered as a potential predictor.

3. Results

Some descriptive statistics of the whole dataset are displayed in
Table 2. BCS scores of a total of 75,641 cows were included in the
present study.

Most of the animals, 99.5% in regions East and North were GH,
whereas region South had 82.8% of SIM, 10.2% of BS and only 7.0% of
GH (Fig. 1A). The frequency distribution of the BCS in each region
indicated SIM to have the highest BCS among all three breeds, while BS
seemed to have higher BCS than GH in regions North and South
(Fig. 1B). The univariate analyses showed that both breed and region
strongly affected BCS (both with p < 0.001), while age did not (p =
0.95).

3.1. Breed

Brown Swiss proved to have higher (8 = 0.21, 95% CI [0.16, 0.27]1, p
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< 0.001) BCS as compared with GH, while Simmental cattle showed the
highest BCS which was also higher than BCS of GH (f = 0.68, 95% CI
[0.65, 0.71], p < 0.001). The differences between breeds are significant
and are displayed in the form of predicted BCS-values in Fig. 2A and as
estimated contrasts in Fig. 2C. The non-overlapping confidence intervals
on Fig. 2A corroborate the contrasts shown in Fig. 2C, which suggests
the SIM breed to have the highest BCS among all studied breeds, while
GH cows have the lowest. BCS of BS cows ranged between both other
breeds being higher than BCS of GH while lower than BCS of SIM.

3.2. Age

Age did not appear to have any effect on BCS (p = 0.95) in the uni-
variate analyses. The visualization of a linear model for the association
between BCS and age (Fig. 3A) showed a linear trend. However, after
checking the linearity assumption between the numeric outcome (BCS)
and a numeric predictor (age), we discovered a non-linear pattern
(Fig. 3B).

The results of the non-linear generalized additive mixed-effects
model showed a non-linear development of BCS throughout the life of
SIM and HF and a slight linear decrease in BCS from young to mid-aged
to old BS animals (Fig. 3D). Different degrees of smoothness (from two to
nine) in additive models were applied to study the change in shape of the
curves. The models for both SIM and GH cattle remained quadratic
(shaped as a parabola) for every degree of smoothness tested, while for
BS the trend also remained linear. Generally, the curves showed lower
BCS of animals in their early lactations (< 1000 days or ca. three years)
and towards the end of their productive life (> 4000 days or ca. 11
years) of SIM and GH cattle, while higher BCS in the middle (ca. 2000 —
3000 days, or simply the top of the curve) stage of life. Interestingly, the
“mid-age” period between SIM and GH differed. Namely, for SIM cows
the BCS peak (vertex) of the curve was around 1900 — 2700 days of age
(ca. 5.2 — 7.4 years), while for the GH animals around 1800 - 2100 days
(ca. 4.9 — 5.8 years). These findings prompted us to transform age to the
second polynomial degree in order to mimic and display the quadratic
(parabolic) curve progression (Fig. 3D).

However, the coefficients of polynomial models in veterinary science
are difficult to interpret (J. R. Roche et al., 2009). Thus, in order to be
sure about our findings and to allow for a better interpretability of the
results, we have split the continuous variable age into three categories,
young animals (< three years), mid-age (5.2 — 7.4 years for SIM and BS
and 4.9 - 5.8 years for GH) and old animals (> nine years) for a final

breed East North South
GH 42,578 (99.5%) 21,990 (99.5%) 749 (7.0%)
BS 63 (0.1%) 27 (0.1%) 1,094 (10.2%)
SIM 169 (0.4%) 88 (0.4%) 8,883 (82.8%)

B East North South

GH A

o

[0

o

© Bs{ -~

SIM
12 3 4 s 12 3 4 5 12 3 4 5

BCS

Fig. 1. A - Distribution of animals (% (n)) over three breeds and three regions (East, North and South). B - Density of BCS (Body condition score) per breed per region.

Breeds are: GH - German Holstein, SIM - Simmental and BS - Brown Swiss cattle.
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breed emmean N 95% Cl
GH 3.135
BS 3.349

SIM 3.815

65,317 3.111-3.159
1,184 3.279 - 3.419
9,140 3.779 -3.852

contrast
GH-BS
GH - SIM
BS - SIM

Fig. 2. Results of the univariate model of the association between breed (GH - German Holstein, SIM - Simmental and BS - Brown Swiss cattle) and BCS (Body
condition score). A - predicted values of BCS. B - estimated marginal means (least-squares means) of BCS per breed with 95% confidence intervals. C - pairwise

comparisons of breeds among each other.

A

3.36 1
) 3.341
O
@

3.321

3.30 1

2000 4000 6000
age [days]

C breed |E| GH E] BS EI SIM

1 /
) 3.64
Q
@

3.3 \

3.0

2000 4000 6000
age [days]

B
3.2
3.0
3
Q 284
2.6
2.4+
2000 4000 6000
age [days]
D
breed E] GH |E| BS E| SIM
3.5
N 304
O 80
M
254
2.0
2000 4000 6000
age [days]

Fig. 3. Breed specific evolution of variable age in our dataset in regard to BCS (Body condition score), where breeds are: GH - German Holstein, SIM - Simmental and
BS - Brown Swiss cattle. All subplots show predicted values of BCS. Subplot B shows the results of a non-linear additive model, while subplots A, C and D display
results of linear mixed-effects models. A model in subplot D, having a non-linear component in the form of the second polynomial degree for age, is technically still

linear, because it allows for a linear combination of predictors.

model. The relationship between BCS and both quadratic age and
categorized age proved to be highly relevant (p < 0.001, exploratory
modeling, therefore not shown). Thus, age which did not have any effect
on BCS in the linear model, showed a strong effect in the non-linear
model.

3.3. The final model for BCS

The final multiple linear mixed effects model showed the BCS of SIM
to be higher than BCS of BS and GH independent of age (see non-
overlapping confidence intervals between breeds in Fig. 4A). The BCS
of young GH was lower than BCS of GH cows in their mid-age, while
higher than in older animals (Fig. 4B-C). The BCS of GH in their mid-age

was higher than the BCS of both young and old GH cattle (both p <
0.01). SIM showed similar results, however, the difference between mid-
aged and old and the difference between young and old animals was
only suggestive (p = 0.038 and p = 0.044 accordingly, Fig. 4B-C).
Despite the steady, though not significant decline in BCS of BS cattle,
there was not enough evidence (all p-values > 0.05) for BCS change over
the course of their lives.

3.4. Models for different body conditions

A substantial proportion (63%, p < 0.001, Table 3) of animals in our
dataset was in normal condition, 23% were overconditioned and 14%
were underconditioned. Brown Swiss cows showed the highest
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A age cat - 1.young -@ 2 mid-age -@ 3.old
age breed emmean N 95% ClI contrast breed p.value
% 1. young GH 3.128 14,767 3.1-3.155 1.young - (2. mid-age) GH 0.000
. ¢ 2.mid-age GH 3.181 7,904 3.152-3.209 1. young - 3. old GH  0.000
3.old GH 3.066 1,652 3.026 - 3.106 (2. mid-age) - 3. old GH 0.000
* 85 1. young BS 3.362 144  3.236 - 3.489 1.young - (2. mid-age) BS 0.620
Q 2.mid-age BS 3.335 308 3.235-3.436 1. young - 3. old BS  0.561
3. old BS 3.278 90 3.125 - 3.431 (2. mid-age) - 3. old BS 0.561
325 1.young  SIM 3.727 1,504 3.678-3.776 1.young - (2. mid-age) SIM  0.000
® 2. mid-age SIM 3.862 2,229 3.817-3.907 1. young - 3. old SIM 0.044
i* 3. old SIM 3.793 350 3.715-3.87 (2. mid-age) - 3. old SIM  0.038
3.00
GH BS siM

breed

Fig. 4. A - Predicted values of BCS (Body condition score) per breed (GH - German Holstein, SIM - Simmental and BS - Brown Swiss cattle) per age category
(described in material and methods). B - estimated marginal means of BCS. C - post-hoc tests of the final model representing contrasts (differences) in BCS between

age categories for a particular breed.

Table 3

Percentage of normal, over- and underconditioned animals among different
breeds (GH - German Holstein, SIM - Simmental and BS - Brown Swiss cattle).
Condition categories are based on the optimal BCS (Body condition score) range
per breed per lactation stage as described in Table 1.

Breed
GH BS SIM Total p-
value'

condition <0.001
normal 39,201 731 6366 46,298

(61.4% (63.4% (71.0% (62.6%

%) %) %) %)
overconditioned 15,043 329 1742 17,114

(23.6% (28.5% (19.4% (23.1%

%) %) %) %)
underconditioned 9565 93 (8.1% 862 10,520

(15.0% %) (9.6%%) (14.2%

%) %)
Total 63,809 1153 8970 73,932

(100.0% (100.0% (100.0% (100.0%

%) %) %) %)

! Pearson’s Chi-squared test.

percentage of overconditioned animals and the lowest percentage of
underconditioned animals as compared to SIM and GH. SIM showed the
lowest percentage of overconditioned animals, while GH cows showed
the highest percentage of underconditioned animals.

Table 4 indicates that general (across breeds) overconditioning

Table 4

Percentage of normal, over- and underconditioned animals in different age
group. Breed specific categorization of age is described in material and methods.
Condition categories are based on the optimal BCS (Body condition score) range
per breed per lactation stage as described in Table 1.

Age_cat
1. Young 2. Mid- 3.0ld Total p-
age value'
condition <0.001
normal 11,266 6018 1051 18,335
(68.6% (59.4% (53.8% (64.3%
%) %) %) %)
overconditioned 3960 2534 367 6861
(24.1% (25.0% (18.8% (24.1%
%) %) %) %)
underconditioned 1186 1585 535 3306
(7.2%%) (15.6% (27.4% (11.6%
%) %) %)
Total 16,412 10,137 1953 28,502
(100.0% (100.0% (100.0% (100.0%
%) %) %) %)

! pearson’s Chi-squared test.

declines from the mid-age of animals towards the end of their life, while
the percentage of underconditioned animals increases throughout the
whole life. The association between the categorical age and body con-
dition is significant (p < 0.001).

Underconditioning in every particular breed, studied separately from
other conditions by the logistic mixed effects model, showed similar
results to the results of the not breed specific Chi-Square test (Table 4).
Particularly, only the difference between middle aged and older BS cows
was not significant (p = 0.384, Fig. 5A & B) and the difference between
middle aged and old SIM cows was suggestive to grow (p = 0.016,
Fig. 5A & B), while all other contrasts between age categories indicated
strong increase of underconditioning over the course of animal’s life (p
< 0.01, Fig. 5A & B). SIM and BS did not show differences among each
other independently of the age, while both were less frequently (though
only slightly (p = 0.015) in young age) underconditioned as compared
with GH (Fig. 5C). The amount of underconditioned animals of mid and
old aged GH cows was higher than 10%, while the amount of under-
conditioned animals in SIM and BS did not cross the 10% (dashed lines
on Fig. 5A, D).

Overconditioning of all breeds, also studied by the logistic mixed
effects model, showed different dynamics as compared with under-
conditioning. The percentage of overconditioned GH animals first
increased from their young (14.5%) to their middle (16.4%) ages (p <
0.01, Fig. 5D & E) and then decreased from their middle to older (13.3%)
ages (p < 0.01). Interestingly, the percentage of overconditioned young
(14.5%) and old (13.3%) GH animals did not differ (p = 0.151). Despite
the decline of the percentage of overconditioned animals over the course
of their productive life in BS cows, from 32.6% in young to 23.5% in mid
to 19% in old ages, this change did not appear to be relevant (p > 0.05,
Fig. 5D & E). The overconditioning of SIM cows increased (p < 0.01,
Fig. 5D & E) from the young (12.2%) to the middle age (20%), then
slightly dropped (15.2%) in older age to the point where it did not differ
anymore from the young (p = 0.132) or mid (p = 0.056) ages.

The non-parametric multinomial neural network-based model,
which aimed to provide an additional validation of the result, confirmed
the trends uncovered by both mixed effects models and also showed the
increase in underconditioning of animals over lifetime, while decrease
in overconditioning from the middle to older ages (Fig. 5, G). Explicitly
modeled normal condition here showed declining probability to be in
normal condition from young to the middle-aged SIM cows, while
steadily decreasing probability to be in the normal condition throughout
the lifetime of GH cows.

4. Discussion
4.1. Body condition

The comparison of BCS of German Simmental and German Brown
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A B C
breed - GH -8~ BS -@- SIM
contrast breed p.value contrast age cat p.value
+ 1. young - (2. mid-age) GH 0.000 GH-BS 1.young 0.015
30%-
1. young - 3. old GH 0.000 GH-SIM 1.young 0.015
5 (2. mid-age) - 3. old GH 0.000 BS-SIM 1.young 0.059
£ 20%- 1. young - (2. mid-age) BS 0.007 GH-BS 2.mid-age 0.002
c
3 ¢ 1. young - 3. old BS 0.006 GH - SIM 2. mid-age 0.000
[}
g VO ISR S 1 { _ (2. mid-age) - 3. old BS 0.384 BS - SIM 2. mid-age 0.972
' ° } 1. young - (2. mid-age) SIM  0.000 GH-BS 3.old 0.001
l ¢ 1. young - 3. old SIM  0.000 GH - SIM 3. old 0.000
0% f I i (2. mid-age) - 3. old SIM  0.016 BS - SIM 3. old 0.789
1.young 2.mid-age 3.old
age category
D E F
breed - GH -@- BS -@- SIM
contrast breed p.value contrast age_cat p.value
1. young - (2. mid-age) GH 0.000 GH-BS 1.young 0.000
40% 4 1. young - 3. old GH 0.151 GH-SIM 1.young 0.069
- (2. mid-age) - 3. old GH  0.001 BS-SIM 1.young  0.000
é 30% 1.young - (2. mid-age) BS  0.089 GH-BS 2.mid-age 0.039
S 1. young - 3. old BS  0.089 GH-SIM 2. mid-age 0.039
% 205 + (2. mid-age) - 3. old BS 0.385 BS - SIM 2. mid-age 0.333
+ 1.young - (2. mid-age) SIM  0.000 GH-BS 3.od 0.428
¢ 4 ¢ 1. young - 3. old SIM  0.132 GH-SIM  3.0d  0.428
i i I — - (2. mid-age) -3.0ld  SIM  0.056 BS-SIM  3.old 0.428
1.young 2.mid-age 3.old
age category
G -
condition
normal o underconditioned o
overconditioned o
—_ | | 1 | | | 1 1 1
2 breed = GH breed = BS breed = SIM
5 084 —
2 _
el -
[
a L
c
o L L
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Fig. 5. Dynamics of under- (A, B, C) and overconditioning (D, E, F) of breeds (GH - German Holstein, SIM - Simmental and BS - Brown Swiss cattle) in different age
groups (see material and methods). A, D - predicted values of BCS (Body condition score) per age category. Condition categories are based on the optimal BCS range
per breed per lactation stage as described in Table 1. B, E - pairwise comparisons of age categories among each other. C, F - pairwise comparisons of breeds among
each other. G - dynamics of all conditions of breeds in different age groups by the means of non-parametric multinomial neural network based model. Dashed lines
indicate the threshold of a percentage of animals in a herd, below which the herd is considered well managed (Kelogg, 2010).

Swiss cows with German Holstein breed revealed higher average BCS in
SIM and BS compared with GH, which might be interpreted in two ways.
On one side, higher BCS provides more energy and therefore a higher
potential for adipose tissue mobilization (Bauman & Bruce Currie,
1980), which might result in a higher milk yield. Thus, increase in milk
yield with increasing BCS seems reasonable. However, such energy
mobilization is strongly coupled with the genetic predisposition of a
specific breed (J. R. Roche et al., 2009). It has been calculated that up to
60% of variations in BCS are due to differences in genetic makeup (J. R.
Roche et al., 2009). Particularly, GH was intensively selected for higher
milk performance and is, as a purely milk oriented breed, not predis-
posed to gain muscle mass, but predisposed to a higher conversion rate
from body resources (in form of fat) into a final product - milk. Thus, GH
may assure higher milk yields having lower body condition than
dual-purpose breeds such as SIM and BS. This suggestion is in line with
other studies which showed that genetically superior milk producers
tend to have generally lower BCS (Buckley et al., 2000; Veerkamp &

Brotherstone, 1997). SIM and (original) BS breeds, in contrast, have
been selected for the dual-purpose final products, milk and beef. Walsh
et al. (2008) found two other dual-purpose breeds, namely Montbéliarde
and Normande, to also have significantly higher BCS as compared with
GH. Thus, dual-purposefulness of SIM and BS intuitively explains their
significantly higher BCS in our study, while suggesting nothing about
higher or lower milk yield. The relationship between BCS of SIM and BS
and their milk yield still needs to be explored. Similar differences among
breeds in their ability to partition energy towards milk production or
body reserves have often been reported before (Mao et al., 2004; Sin-
clair et al., 1998; Yan et al., 2006), however the Simmental and Brown
Swiss cattle have been rarely studied.

One notable exception is the study of Arango et al. (2002) who
tracked BCS changes of different breeds, including Simmental crosses
with Hereford and Angus, over the productive lifetime (two - seven
years) of animals. They found a slight increase in BCS of SIM crosses
from the second (5.75-7.90) to the seventh (6.11-6.39) year on an one
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to ten points BCS scale. Pure Simmental breeds in our study also ach-
ieved their maximum BCS around the seventh year of life. We can only
speculate that if Arango et al. (2002) extended their BCS recordings to
older animals, they would have probably seen a similar decline in BCS as
we found here. Arango et al. (2002) also noticed that smaller and lighter
breeds, Jersey cows in their study, tend to mature and to begin accu-
mulating fat at earlier ages than taller and heavier breeds, e.g. Charolais.
This is in line with our results, where GH, being a lighter and
milk-oriented breed, reached their highest BCS point of the parabola
(Fig. 3D) earlier (4.9 — 5.7 years) than SIM (5.2 — 7.4 years).

A slower increase of BCS in SIM cattle over the course of life
compared with GH assumes an opportunity for earlier achievement of
the optimal productivity period (assuming the top of the BCS curve on
Fig. 3D, leads to the highest milk yield) by changes in feeding strategy.
Moreover, breed- and time- specific nutrition management might also
reduce losses in body condition towards the end of life. Such measures
could maximize the sustainable yield of milk for both SIM and GH, while
at the same time greatly extend not only the most productive period of
milk production at the mid-age, but also the span of the productive life of
cows. Otherwise, the drop from the highest BCS at the mid-age (vertex of
the curve) relatively early in life, especially in GH breed, may lead to a
faster and potentially preliminary culling.

Unfortunately, despite such potential benefits of longer productive
life, the average time spent by dairy cattle in the herd declines globally
since the start of the 21st century (Rushen & Passille, 2013; Schuster
et al., 2020). A dairy cow, which is biologically capable of a life span of
up to 20 years (Nowak & Walker., 1999), currently spends between 4.5
and 5.5 years in the herd on average (Knaus, 2009; Wathes et al., 2008).
The top of the BCS parabola or, as we defined it, the optimal productive
time of GH cows, uncovered in our study by the non-linear model
(Fig. 3D) is surprisingly consistent with these averages, namely 4.9 - 5.7
years. The increase in the probability of underconditioning with
increasing age found in this study might decrease the welfare of animals
and therefore justifies such earlier culling by the modern dairying
practices. Besides, since welfare of animals is not a single factor deter-
mining modern dairying practices in respect to age of animals, such
management practices are unlikely to change any time soon. However,
culling of animals after 5.5 years not only misses their biological po-
tential, but also suggests general management deficiencies, especially in
regard to older animals. Since less than 10% of the herd should be over-
or underconditioned (Kellogg, 2010), higher percentages of over- and
underconditioned animals observed in this study corroborate with the
latter suggestion. Particularly, the predictions of a higher than 10%
percentage of overconditioned animals for each breed and at different
ages is quite concerning (Fig. 5D). While higher BCS can potentially lead
to a higher milk production via increased adipose tissue mobilization
(Bauman & Bruce Currie, 1980), some studies showed that normally
conditioned cows of the same breed produced greater milk yields than
overconditioned cows (Garnsworthy, 1988; Garnsworthy & Topps,
1982; Treacher et al., 1986). Excessive BCS in Czech Simmental cows
was found to be highly related to ovarian cyst cases (Stadnik et al., 2017;
Zulu et al., 2002). Overconditioning may be especially related to
reduced fertility on dairy farms. That is why preventing cows from
overconditioning should principally be considered to obtain fertile
cows. A high BCS during the dry period was shown to increase the
incidence of periparturient health disorders (Drackley, 1999; Rukk-
wamsuk et al., 1999). In contrast, the probability of underconditioning
(as a modeled phenomenon) in our study is higher than 10% only in GH
in their mid and old ages (Fig. 5A) as compared with SIM and BS herds.
While underconditioning of cows in young age (not an issue in our
dataset) could have been explained by an additional energy demand for
continued growth (Dechow et al., 2002; Koenen et al., 1999), so that
they invest less in body reserves, the drop in body condition in older
animals is most likely due to the environmental and external factors,
such as herd management, feeding strategies or diseases (e.g. Johne’s
disease). The probability of 30% with 95% CI [27 — 33%] of older GH
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cows in our dataset to be underconditioned is particularly alarming.
Since underconditioning is strongly coupled with lowered conception
rates (Domecq et al., 1997; Pryce et al., 2001), increased occurrence of
lameness (Green et al., 2014; Lim et al., 2015; Oehm et al., 2019; Ran-
dall et al., 2015) and increased probability of metabolic (John R. Roche
et al., 2013; Schuster et al., 2020) and infectious diseases (Abunna et al.,
2010; Jaja et al., 2017), earlier culling of animals directly or indirectly
due to underconditioning is almost naturally guaranteed. Thus, our re-
sults suggest that GH herds have the highest volatility in BCS as
compared with BS and SIM, which seem to be more robust. Such vola-
tility might be due to the natural ability of GH to a higher and faster
conversion from fat into milk, while dual-purposefulness (milk and
meat) and therefore the genetic predisposition for muscle growth in SIM
and BS might make their BCS more muscular and therefore less volatile,
as compared to GH. This suggests that GH herds have the highest po-
tential for yield optimization and improvement of animal welfare in-
dependent of reasons for misconditioning. Exploring factors (be it
overstocking, lameness, diseases, milk yield, parity etc.) which have the
biggest influence on the over- and underconditioning themselves (as
separate phenomena) would be an interesting branch of future research
which might deliver useful insights, especially if such factors would turn
out to be different across breeds.

4.2. BCS modeling framework

Using non-linear models to uncover temporal patterns is corrobo-
rated by a study on two Dutch (Koenen et al., 2001) and three Danish
(Friggens & Badsberg, 2007) breeds during lactation, which imple-
mented polynomial and exponential functions accordingly in order to
allow for non-linearity. However, the use of solely polynomial degrees
(from two to nine) in our study was not optimal. Particularly, poly-
nomial degrees higher than two violently forced the BCS curve to bend
resulting in several different patterns. For instance, polynomial degrees
from fine to nine all resulted in a s-curve, with BCS growing towards the
end of life (ca. 4000 days) after a convex valley in the curve, which for
degree nine made BCS of 11 years old animals even higher than the peak
(vertex) of the curve at their mid-age (ca. seven years), which does not
appear plausible from a biological point of view.

Using exponential functions, Friggens and Badsberg (2007) modeled
BCS during lactation in three different ways: one model for lactation
only until the point of nadir, one for pregnancy starting from the nadir,
and then a combined model for both periods. This seems perfectly
reasonable and very accurately describes the BCS during lactation as an
overturned parabola, however, assuming the exponential course of the
BCS curve. In contrast, our data did not show a strongly exponential
change of BCS during lactation, but rather looked like two wobbly, but
still clearly linear curves, one as a drop before nadir, and another as a
steady increase after nadir (not shown). Furthermore, Friggens and
Badsberg (2007) reported numerous attempts to identify starting
(primer) values for the models before they could converge, which does
not assure that these models are applicable to a new data sets.

Hence, despite the advantages which polynomial and exponential
models bring to the table, we here used generalized additive models
with integrated smoothness estimation, which were specifically
designed to describe non-linear relationships regardless of the course of
the curve (Hastie & Tibshirani, 1986). In contrast to polynomial models,
which forced the BCS curve to bend, additive models with different
degrees of smoothness (also from two to nine) all finished up with a
quadratic (parabolic) shape, where higher degrees of smoothness only
made the curve more refined. Such quadratic nature of BCS over the
lifetime has, to our knowledge, not been discussed yet and hence, this is
the first study to unravel a potential quadratic nature of BCS over life-
time. In contrast to the mathematically sound, though primer (starting
values) sensitive exponential model, which would also force the curve to
bend in a particular manner, our purely statistical approach can be
applied to any kind of data without the need of starting values, because



Y. Zablotski et al.

the additive model will always fit existing data and thus will always
uncover existing (linear or non-linear) trends.

Fig. 3C reveals that the linear model for SIM suggests a steady in-
crease in body condition towards higher age, implying severe over-
conditioning of older cows, whereas the opposite is actually the case:
their BCS declines. Presenting a linear trend on Fig. 3C highlights the
danger to believe linear models, especially if only coefficients (i.e. or-
dinary least squares means or odds ratios) and (often) significant p-
values are presented, while the assumption of linearity is not checked,
because it may lead to a biologically misleading inference. Interestingly,
the linear trend of BS remained perfectly linear even when modeled via
additive regression with high degrees of smoothness. Thus, a non-linear
model would always catch a linear trend, if one exists, while, in contrast,
a linear model will always miss any dynamic relationship, which is the
case with the age of SIM and GH cattle in our study. Thus, we here
strongly advocate the use of additive models as an important explor-
atory tool. However, we used a linear mixed model as our final model for
several reasons.

First of all, additive non-linear models are by no means perfect. Their
ability to uncover patterns (flexibility) is traded off by a challenging
interpretability (James et al., 2013). Secondly, the intentional catego-
rization of age produced the same results as the additive model, i.e. a
significant difference between young and middle-aged and between
middle-aged and older animals and a less pronounced difference be-
tween young and old cows (Fig. 4). While categorization of a numeric
variable usually reduces the amount of information a variable contains
(Altman & Royston, 2006; Royston et al., 2006), the categorization after
applying additive models is yet justified and allows for a straightforward
interpretation via p-values, estimated means (i.e. of BCS) and proba-
bilities (i.e. of over- and underconditioning). Using linear mixed effects
models also simplified the process of checking model assumptions.
Consequently, the categorization of age after additive modeling here
provided rather an advantage without a loss of information.

A correlation (multicollinearity) between region and breed in our
data (model) was not surprising, since 99.5% of animals in regions North
and East were GH, while approximately 83% in region South were SIM
cattle. Such low amount of data for BS and SIM (only 0.5% of observa-
tions combined) breeds in regions North and East could not produce
meaningful insights for these breeds in case the interaction term be-
tween region and breed would be considered. Moreover, the interaction
between region and breed also turned out to be highly multicollinear
(VIF = 504). Thus, studying regions and breeds in our dataset is mutu-
ally exclusive since they provide very similar and therefore redundant
(or even overlapping) information.

This implies that in order to assess the regional effect the regions
should be analyzed separately (i.e. one model per particular region), or,
if only regions North and East are considered, the variable region could
be analyzed as a fixed effect. For the purpose of this study these analyses
would not have been helpful as these models would have prevented
useful outcome for the more important variable breed. Nevertheless, a
possible collinear effect of region has to be considered when interpreting
the results for breed, here.

Further predictors and interactions might have improved the
explanatory power of our final model. We are aware that e.g. pasture
access, feeding strategies or disease prevalence have been associated
with BCS (Ruegg & Milton, 1995; Walsh et al., 2008; Washburn et al.,
2002). However, since the main objective of this study was to report the
previously underexplored BCS of Simmental and Brown-Swiss cattle,
adding more factors would have diluted the focus. Moreover, in order to
keep the study focused on BCS changes throughout the whole productive
life of animals, we intentionally did not thoroughly explore changes in
BCS during lactation period and between lactation stages, that would be
a topic for a separate study.
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4.3. Limitations of the study

Due to a lower number of Brown Swiss cows in our study, their es-
timates are less precise than those of Simmental and Holstein-Friesien
cows. This caused wider and often overlapping confidence intervals in
these estimates, which might have caused missing some potential in-
sights. The probability of Type II Error is therefore potentially higher for
BS as compared with GH and SIM. Since body condition highly depends
on diet (Berry et al., 2006; Coffey et al., 2004; McCarthy et al., 2007),
one of the possible biases could be present in the study due to the
absence of the information about nutrition. However, including nutri-
tion variables would shift the focus from reporting BCS of underexplored
SIM and BS over lifetime to a different study. Such studies are important
and are to be explored. Furthermore, it is important to acknowledge that
enrollment was based on voluntary participation of interested farmers.
This may be a source of bias as those farmers with particularly well
managed farms, probably being of a more proactive personality, may be
over-represented which may have yielded results that show improved
conditions compared with the underlying dairy cow population. On the
other hand, specifically those farmers with poor management and
impaired animal health may have been inclined to participate which
would result in outcomes reflecting a situation worse than in the un-
derlying population. Furthermore, the outcomes are in alignment with
previous work and biological reasoning which indicates that selection
bias may well not have been a major concern.

5. Conclusions

Failing to hold linearity and multicollinearity model assumptions,
became the most revealing part of this study. Significant differences
between the GH and dual-purpose breeds demand a breed-specific
management during the respective life and production phases of dairy
cattle, which might help to fully exploit genetic potential of every breed
without compromising welfare of animals, could help to prevent the
losses of body reserves during the later stages of life, and therefore
reduce the probability of preliminary culling.
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