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Simple Summary: The objectives of this study were to (i) investigate the changes in muscle tissue
reserves in high producing dairy cows before and after calving, (ii) identify factors associated with
these changes, and (iii) describe their possible associations with cattle reproductive performance.
Data were collected from 455 cows on three different UK farms. Holstein cows mobilise both fat
and muscle tissue reserves before and after calving. Significant differences in the amount of muscle
mobilised were identified between farms; this could have been associated with pre calving diets.
Higher genetic merit for milk yield was associated with lower muscle tissue reserves. An increased
time to first service was described for those animals that mobilised more muscle tissue.

Abstract: Excessive periparturient fat mobilisation and its association with dairy cattle health and
fertility is well documented; however, the role of muscle mobilisation has not been studied extensively.
The objectives of this study were to (i) investigate the changes in the thickness of the longissimus
dorsi muscle in high producing dairy cows during the periparturient period, (ii) identify factors
associated with these changes, and (iii) describe their possible associations with cattle reproductive
performance. Data were collected from a total of 500 lactations from 455 cows on three different UK
farms. Muscle thickness (MT) (Longissimus dorsi) and back fat thickness (BFT) measurements were
collected at three different time-points during the periparturient period using ultrasonography. Body
condition score (BCS) was also assessed at the same time-points and blood samples were collected
for the measurement of non-esterified fatty acids. Farm fertility records were used and genomically
estimated breeding values were also available. Associations between variables were analysed with
the use of multivariable linear and logistic regression models; Cox proportional hazard analysis
was used for fertility outcomes. Muscle thickness decreased pre- to post-calving on all three farms,
though they were notable between farm differences. Those animals with a lower BCS pre-calving had
a higher MT loss; significant fat mobilisation occurred between the calving and early lactation period.
Muscle thickness changes and fat mobilisation were not associated in this study. An increased time to
first service was described for those animals that mobilised more muscle tissue. Our study advances
the understanding of periparturient muscle tissue mobilisation in dairy cattle and highlights its
potential associations with cattle fertility.

Keywords: periparturient; NEB; NEFAs; muscle thickness; BCS; ultrasound

1. Introduction

Dairy cattle face a drastic increase in energy demand at the onset of lactation [1]. This
coincides with a drop in feed intake in the days surrounding parturition [2]. This imbalance
of energy intake and demand leads to a period of negative energy balance (NEB) [1]. To
meet these nutrient requirements, animals in early lactation rely on the metabolism of their
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body reserves (homeorhesis) [3]. Adipose tissue is mobilised in the form of non-esterified
fatty acids (NEFAs) to meet energy demands for milk production [1]. Muscle tissue can
also be mobilised to provide glucogenic amino acids for gluconeogenesis [4].

Excessive periparturient fat mobilisation and its association with dairy cattle health
and fertility is well documented [5–7]. However, the role of muscle mobilisation has not
been studied extensively with previous studies being limited to small numbers of Holstein
cows in single herds or experimental settings [8–10]. These authors identified a consistent
pattern of muscle catabolism in the late dry period and early lactation, with initiation
commencing prior to the mobilisation of body fat. Whilst NEB is one potential reason for
skeletal muscle degradation, there are several other potential causes. Nutritional causes
can include specific protein or amino acid deficiencies [11]; evidence of negative protein
balance during the periparturient period does exist [12]. Physiological causes include high
plasma glucocorticoid levels [13], paresia, and insulin resistance [14]. Insulin resistance in
humans can be due to pregnancy [15], obesity or physical inactivity [16]. Importantly, the
possible associations of excessive muscle catabolism with dairy cattle health and fertility
have not been studied yet.

The main objectives of this prospective cohort study were to (i) investigate the changes
in the thickness of the longissimus dorsi muscle in high producing dairy cows during the
periparturient period, (ii) identify factors associated with these changes, and (iii) describe
their possible associations with cattle reproductive performance.

2. Materials and Methods

The study was approved by the University of Liverpool Veterinary Research Ethics
Committee (Reference Number: VREC269). Blood sampling was performed for the pur-
poses of a different project and under a Home Office Project License.

Three farms were selected due to their proximity to the University of Liverpool
Leahurst campus. A first pilot study was conducted from December 2014 until October
2015 on one of the three farms (Farm 1). The main study commenced on November 2016
and concluded August 2017. The three farms were all milking Holstein cows and varied in
management and nutrition strategies.

Farm 1 milked cows in a herringbone parlour three times daily and recorded approxi-
mately 12,300 kg of milk per cow per year. Lactating cows were housed in sawdust bedded
cubicle sheds. Dry cows were housed in sheds with a deep straw lying area and a grooved
concrete loafing area. Following parturition, fresh cows were also housed in loose straw
yards (for 2 to 4 weeks). Farm 2 milked cows in a swing-over herringbone parlour twice
daily and recorded approximately 9000 kg of milk per cow per year. Lactating cows were
housed in sand bedded cubicle sheds. Dry cows were housed in sheds with a deep straw
lying area and grooved concrete loafing area. Farm 3 milked cows in a rotary milking
parlour three times daily and recorded approximately 12,000 kg of milk per cow per year.
All cows throughout the lactation cycle were housed in deep sand bedded cubicles and
grooved concrete loafing areas. Cows on all farms were dried off approximately 60 days
before expected calving.

All farms fed dry and milking cows with a total mixed ration (TMR) along a feed
passage; additional in-parlour concentrate feeding for yield occurred on Farm 2. Dry cows’
TMR on Farm 1 consisted of grass silage, maize silage, barley straw, haylage, rapeseed,
and a mineral mix. Dry cows’ TMR on Farm 2 consisted of grass and maize silage, wheat
straw, Trafford syrup, distillers’ grains wheat, and a mineral mix. Dry cows’ TMR on Farm
3 consisted of wholecrop wheat, wheat straw, rapeseed, urea, and a mineral mix. The
milking cows’ diets on Farm 1 consisted of grass silage, haylage, maize silage, alkalage,
wheat straw, barley, a concentrates blend, and a mineral mix. The milking cows’ diets on
Farm 2 consisted of grass silage, maize silage, wheat straw, bread, Trafford syrup, caustic
wheat, urea, distillers’ grains wheat, fat, and a minerals mix. The milking cows’ diets on
Farm 3 consisted of maize silage, grass silage, wholecrop wheat, Trafford gold, molasses,
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bread, fat, rapeseed, soya meal, soya hulls, distillers’ grain wheat, barley, salt, urea, and a
minerals mix.

Data were collected from each animal on three occasions: Three to four weeks before
the expected date of parturition, 0–10 days postpartum, and approximately 60–80 days
postpartum, referred to as pre-calving, fresh and early lactation time-points, respectively.

At each time-point, a trained researcher recorded body condition score (BCS), muscle
thickness (MT), and back fat thickness (BFT). Body condition score was scored according to
the Penn State assessment method. Scores range from 1 to 5 in 0.25 increments (1 = very thin,
5 = obese) [17]. Muscle and fat thickness were measured using an EASI-SCAN ultrasound
machine (sonographic B-mode, BCF™ Technology, UK) equipped with a linear probe
5–8 MHz. Longissimus dorsi depth was measured perpendicularly to the skin at the fourth
lumbar process, as described by van der Drift et al. (2012) [10]. Back fat thickness was also
measured as described by van der Drift et al. (2012) [10].

Mobility score was assessed using the Agriculture and Horticulture Development
Board (AHDB) Dairy Mobility Scoring system [18]. Cows were scored with 0 when they
walked with even weight bearing and rhythm on all four feet, and with a flat back. Cows
that stepped unevenly or had shortened strides were scored as 1; affected limb or limbs
were not immediately identifiable. Cows with a score 2 had an uneven weight bearing on a
limb or limbs that was immediately identifiable and/or clearly shortened strides (usually
with an arch to the centre of the back). Score 3 cows were unable to walk as fast as a brisk
human pace and had signs of score 2. At the early lactation time-point, all four feet were
lifted and were visually inspected for the presence of claw horn disruption lesions (sole
ulcers (SU), sole haemorrhage (SH), and white line disease (WLD)). The assessor and date
of each measurement were also recorded. Each farm was visited by the researchers once
per week.

Blood samples were collected from the coccygeal vein using 10 mL plain blood tubes
(BD Vacutainer®). Blood samples were allowed to clot and then maintained on ice until
transported to the laboratory within a few hours and centrifuged at room temperature
for 2400 rpm x 10 min (PrO-Vet, Centurion Scientific Ltd., Chichester, UK). The serum
was then separated and transferred into 2 mL Eppendorf tubes and stored at −20 ◦C
until analysis. Non-esterified fatty acids (NEFA) concentrations were measured using a
commercially available kit (NEFA: FA 115 kit, Randox Laboratories Ltd, London, UK). A
modified method was utilised [19] to allow a 96-well plate and reader to be used. The
optical density values were read using a microplate reader at a wavelength of 550 nm
(MultiSkan EX Original, Thermo Fisher Scientific, Waltham, MA, U.S.) with the colour
change as linearly proportional to the NEFA concentration.

In total, six researchers were involved in the data collection. Blood samples and
BFT measurements were not available for the initial, pilot study. Blood sampling was
always conducted at the same time of day for non-milking animals, and immediately after
milking in milking cows. Therefore, sampling times relative to feed access were consistent
within groups.

Fertility data (calving dates, insemination dates, and pregnancy diagnosis out-comes)
were recorded by each farm on their separate recording systems. All farms had a voluntary
waiting period of 45 days after which they would perform oestrus detection to inseminate
cows. Farms 1 and 3 performed oestrus detection aided by activity monitoring devices
(pedometers were used on Farm 1 and neck collars on Farm 3). Farm 2 used tail chalking.
Cows on Farm 3 were enrolled on a timed artificial insemination protocol if not inseminated
by 70 days post-calving. Genomically estimated predicted transmitting abilities (gPTAs)
for milk production and for the fertility index were also available as the enrolled cows had
already been genotyped for a different project [20].

3. Statistical Analysis

Data were analysed using JMP Pro 15 (SAS Institute Inc., Cary, NC). Descriptive and
univariable analyses were undertaken between variables, before multivariable regression
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models were constructed. Parity was fitted in all models as a categorical variable with
three levels (1 for cows in their first parity, 2 for cows in their second parity, and 3 for cows
in their third or greater than third parity). Body condition score was also turned into a
categorical variable with three levels (level 1 for BCS < 2.5, level 2 for BCS from 2.5 to 3, and
level 3 for BCS > 3). NEFAs measurements immediately post-calving (fresh) were turned
into a binary variable (0 for NEFA < 0.82 and 1 for NEFA ≥ 0.82 mmol/L; this was the
median for NEFAs measurements in this population). Changes in MT between different
assessment time-points were calculated and grouped in three equally sized groups; gPTAs
were also grouped in three equally sized groups to facilitate data analysis and interpretation
of results (1 for the group with the lowest gPTAs for a certain trait, to 3 for the group with
the highest gPTAs).

Two separate mixed effects multivariable linear regression models were used to de-
scribe MT and BFT measurements. Explanatory variables were offered to the models due
to the fact that they were associated with the outcome variable in univariable analyses
(p ≤ 0.20) or they were important for this study. Cow identification was fitted in the model
as a random effect to account for repeated measurements per animal and within animal
clustering. The covariance structure used was compound symmetry. Associations between
various explanatory variables were investigated to identify potential collinearity issues. All
two-way interaction terms were also offered to these models. A manual stepwise approach
was taken to remove variables and their interactions from the model (the variable with
the highest p-value was removed at each step). Only variables with p < 0.10 (F test) were
maintained in the final models. If an interaction term was found to be significant, then
the main effects were also maintained in the final model whether they were significant or
not. Rows with missing data were included in the analysis using the informative missing
function in JMP. Residuals by model predicted values, studentized residuals, and residuals
normal quantile plots were visualised to evaluate the model’s goodness of fit and that
assumptions of normality and homoscedasticity were met. Partial-regression residual
leverage plots for all fixed effects included in the models were also visualised. Results
per categorical explanatory variables are presented as least-squared means ± standard
error of the mean. Pairwise comparisons of least-squared means were performed using the
Tukey-Kramer honestly significant difference (HSD) test. A linear regression model with
the change in MT from the pre-calving to the fresh time-point (MT pre-calving to fresh) as
an outcome was also built in a similar manner (but without fitting a random effect).

A multivariable logistic regression model with NEFAs concentration at fresh (binary)
as an outcome was also built. Variables with a p ≤ 0.20 in the univariable analyses were
offered to this multivariable logistic regression model. Variables were removed from
the model manually and in a stepwise manner (with the variable with the highest p-
value removed at each step), and only variables with p < 0.10 (likelihood ratio test) were
maintained in the final model. The lack of fit test was used to evaluate the model’s
goodness of fit and the likelihood ratio test was used to determine the overall significance
of the model. The predictive ability of the final logistic regression model was assessed
with receiver operating characteristic analysis and the calculated area under the curve.
Results from this logistic regression model are presented as odds ratios. p-Values and 95%
confidence intervals (CI) for calculated odds ratios (OR) are Wald based estimates.

Cox proportional hazard analysis with right censoring was used to explore the effect
of MT changes and other relevant explanatory variables on the intervals from calving to
the first insemination and from calving to pregnancy.

4. Results

A total of 455 cows were enrolled with 45 cows from Farm 1 followed over two
consecutive lactations. Therefore, data were collected for 500 lactations (312 from Farm 1,
75 from Farm 2, and 113 from Farm 3). One hundred and forty-four animals were studied in
their first lactation, 134 in their second, and 222 in their third or greater lactation. Additional
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descriptive statistics information for the same study population has been presented by
Griffiths et al. (2020) [20].

Explanatory variables remaining in model 1 (MT as an outcome) were: Time-point
of measurement, parity group and its interaction with time-point, farm and its interaction
with time-point, and milk gPTA category. Model’s R2 was 0.76. The random effect of
cow accounted for 52.39% of the total variance. Adjusted means (least-squared means),
standard errors, Tukey HSD, and p-values for different levels of explanatory variables are
presented in Table 1. Assessor was also found to have a significant effect on MT (p < 0.0001)
and was maintained in the model. Muscle thickness was decreasing in the period between
the pre-calving and fresh measurement. This decrease was greater in cows maintained on
Farm 3. Cows in the lowest milk PTA category had higher MT measurements compared to
the other two categories, but there was no significant milk PTA category by time interaction.
Muscle thickness was also lower in second parity cows (compared to first parity or greater
than second parity cows).

Table 1. Results from a multivariable mixed effects linear regression model for outcome muscle
thickness (mm). HSD: Honestly significant difference; levels within a variable with different letters
are statistically significantly different (p < 0.05).

Variable Level Adjusted
Mean Std Error Tukey

HSD p-Value

Farm
1 33.05 0.68 A

0.0422 32.31 0.91 AB
3 31.64 0.81 B

Time-point
Pre-calving 34.78 0.83 A

<0.001Fresh 31.70 0.81 B
Early Lactation 30.52 0.86 B

Parity group 1
1 32.33 0.70 A

0.0022 30.71 0.72 B
3 32.09 0.67 A

Milk PTA category 2
1 34.01 0.67 A

0.0042 31.85 0.67 B
3 31.82 0.66 B

Parity group 1 by
Time-point

1, Pre-calving 34.78 0.83 AB

<0.001

1, Fresh 31.70 0.81 CD
1, Early Lactation 30.52 0.86 CDE

2, Pre-calving 33.28 0.86 BC
2, Fresh 30.09 0.85 DE

2, Early Lactation 28.77 0.87 E
3, Pre-calving 35.75 0.78 A

3, Fresh 31.72 0.76 CD
3, Early Lactation 28.80 0.80 E

Farm by Time-point

1, Pre-calving 35.12 0.82 A

0.003

1, Fresh 32.95 0.79 ABC
1, Early Lactation 31.08 0.84 BCD

2, Pre-calving 34.26 1.09 AB
2, Fresh 31.97 1.08 ABCD

2, Early Lactation 30.69 1.10 CD
3, Pre-calving 34.96 0.97 A

3, Fresh 30.18 0.96 D
3, Early Lactation 29.79 1.00 D

1 Parity group: 1 for cows in their first parity, 2 for cows in their second parity, 3 for cows in their third or greater
parity. 2 Milk PTA category: 1 for the group with the lowest gPTAs for milk production to 3 for the group with the
highest gPTAs.

To further investigate what was associated with the observed decrease in MT occurring
between the pre-calving and fresh measurements we built a model with MT pre-calving
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to fresh as an outcome. Explanatory variables that remained in this model were: MT
pre-calving, assessor (the combination of assessor at pre-calving and fresh), pre-calving
BCS (grouped), days between pre-calving and fresh measurement and farm. Adjusted
means (least-squared means), standard errors, Tukey HSD, and p-values for different levels
of these explanatory variables are presented in Table 2. Adjusted means ± SE for MT
pre-calving to fresh for each farm was −4.38 ± 2.27, −4.47± 2.41, and −6.81 ± 2.36 for
Farms 1, 2, and 3, respectively (p < 0.001). A lower pre-calving BCS was associated with
increased MT loss. For every 1 mm of muscle thickness pre-calving, an estimated loss of
0.45 mm ± 0.039 occurred in the pre-calving to fresh period. An increased length of time
between the pre-calving to fresh measurement resulted in greater MT loss.

Table 2. Results from a multivariable mixed effects linear regression model for outcome muscle
thickness (mm) pre-calving to fresh (negative values describe loss of MT). Estimates for continuous
describe the change in the outcome variable per one unit increase in the explanatory variable.
HSD: Honestly significant difference; levels within a variable with different letters are statistically
significantly different (p < 0.05).

Variable Level Adjusted
Mean Std Error Tukey HSD p-Value

Farm
1 −4.38 2.27 A

<0.0012 −4.47 2.41 A
3 −6.80 2.36 B

BCS Pre-Calving
Group 1

1 −13.98 4.46 AB
<0.0012 −6.26 0.58 B

3 −3.62 0.54 A

Muscle Thickness
Pre-Calving

Continuous
Variable

Estimate
−0.45 0.039 0.001

Days between
Pre-Calving and

Fresh Muscle
Measurement

Continuous
Variable

Estimate
−0.12 0.028 0.001

1 BCS pre-calving group: 1 for BCS < 2.5, 2 for BCS from 2.5 to 3, 3 for BCS > 3.

Explanatory variables remaining in the model with BFT as an outcome were: Time-
point of measurement, parity group and its interaction with time-point, farm and its
interaction with time-point, and milk PTA category. Adjusted means (least-squared means),
standard errors, Tukey HSD, and p-values for different levels of these explanatory variables
are presented in Table 3. Significant fat mobilisation occurred in the period between
the fresh and the early lactation measurements. Cows in the lowest milk PTA category
had higher BFT measurements compared to the other two categories, but there was no
significant milk PTA category by time interaction. Results regarding the interesting farm
time-point interaction for both MT and BFT are also presented in Figure 1.
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Table 3. Results from a multivariable mixed effects linear regression model for outcome back fat
thickness (mm). HSD: Honestly significant difference; levels within a variable with different letters
are statistically significantly different (p < 0.05).

Variable Level Adjusted
Mean Std Error Tukey

HSD p-Value

Farm
1 15.29 0.60 A

<0.0012 13.60 0.66 B
3 13.91 0.59 B

Time-point
Pre-calving 15.98 0.62 A

<0.001Fresh 15.08 0.62 A
Early Lactation 11.74 0.63 B

Milk PTA category 1
1 15.83 0.52 A

0.0032 13.87 0.49 B
3 14.08 0.43 B

Farm by Time-point

1, Pre-calving 17.76 0.70 A

<0.001

1, Fresh 16.29 0.69 AB
1, Early Lactation 11.82 0.71 D

2, Pre-calving 15.61 0.78 BC
2, Fresh 13.67 0.79 CD

2, Early Lactation 11.52 0.80 D
3, Pre-calving 14.57 0.68 BC

3, Fresh 15.29 0.70 BC
3, Early Lactation 11.87 0.69 D

Parity group 2 by
Time-point

1, Pre-calving 15.98 0.62 A

0.041

1, Fresh 15.08 0.62 A
1, Early Lactation 11.74 0.63 B

2, Pre-calving 14.83 0.63 A
2, Fresh 14.51 0.64 A

2, Early Lactation 10.72 0.64 B
3, Pre-calving 16.01 0.58 A

3, Fresh 14.94 0.59 A
3, Early Lactation 10.17 0.60 B

1 Milk PTA category: 1 for the group with the lowest gPTAs for milk production to 3 for the group with the highest
gPTAs. 2 Parity group: 1 for cows in their first parity, 2 for cows in their second parity, 3 for cows in their third or
greater parity.
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The logistic regression model with NEFAs at fresh (binary) as an outcome included
the following explanatory variables: Farm, BCS pre-calving (grouped), and parity group
(Table 4). MT loss pre-calving to fresh was not associated with increased NEFAs indicating
that MT measurements represented muscle mass changes and not mobilisation of intra-
muscle fat. This was re-enforced by the non-significant associations between MT and
BFT changes (data not shown). Farm 3 had greater odds of having higher NEFAs at
fresh compared to Farms 1 and 2 (OR: 39.76, CI = 15.45–102.14, p < 0.0001 and OR: 9.68,
CI = 4.04–23.21, p < 0.001, respectively). Later, parity cows had greater odds of high NEFA
concentrations than first and second parity cows (OR: 2.48, CI = 1.00–6.19, p = 0.05 and OR:
2.50, CI = 1.07–5.83, p = 0.034, respectively). Cows with a BCS pre-calving of >3 were at
higher odds of increased NEFAs at fresh compared to those with a BCS of 2.5–3 (OR: 5.69,
CI = 2.42–13.37, p < 0.001).

Table 4. Results from a logistic regression model with NEFAs at fresh (binary, 0.82 mmol/l threshold)
as an outcome. Presented odds ratios (OR) are for odds of having a NEFAs measurement higher than
0.82 mmol/l when comparing the level on the left of the pertinent column to the level on the right.
p-Values and 95% confidence intervals (CI) for calculated odds ratios are Wald based estimates.

Outcome Explanatory Variable Levels OR 95% CI p-Value

NEFAs at Fresh

Farm 3
3

1
2

39.76
9.68

15.45–102.14
4.04–23.21 0.001

BCS
Pre-Calving group 1 3 2 5.69 2.42–13.37 0.00001

Parity group 2 3
3

1
2

2.48
2.50

1.00–6.19
1.07–5.83 0.039

1 BCS pre-calving group: 1 for BCS < 2.5, 2 for BCS from 2.5 to 3, 3 for BCS > 3. 2 Parity group: 1 for cows in their
first parity, 2 for cows in their second parity, 3 for cows in their third or greater parity.

Explanatory variables that remained in the Cox proportional hazard model with time
to first service as an outcome were: Farm (p = 0.004), fertility index category (p = 0.02), and
MT pre-calving to early lactation category (p = 0.025). The hazard ratio for cows in the
second MT pre-calving to early lactation category versus cows in the first category (cows
with the greater loss of MT) was 1.45 (1.11–1.92, p = 0.007). The hazard ratio for cows in
the third MT pre-calving to early lactation category (cows that had minimal loss of MT or
gained MT during the studied period) versus cows in the first category was 1.28 (0.96–1.69,
p = 0.09). Specifically, cows in the greatest MT loss group took significantly more time to
reach their first insemination event. The hazard ratio for cows in the third fertility index
category versus cows in the first category was 1.42 (1.07–1.88, p = 0.015).

Multivariable Cox proportional hazard analysis indicated that calving to conception
interval was associated with parity group, farm, presence of SU in early lactation, and
fertility index category. Cows in the third category for fertility index (best genetics for
fertility) had lower calving to conception interval compared to cows in the first category
(hazard ratio: 1.73, CI = 1.11–2.68, p = 0.015). Cows that did not have a presence of a SU
also had lower calving to conception interval compared to cows with a SU in early lactation
(hazard ratio: 1.76, CI = 1.00–3.29, p = 0.048). Primiparous animals reached pregnancy
faster than multiparous ones (parity group 1 versus 2: Hazard ratio of 1.98, CI = 1.31–3.01,
p = 0.0013; parity group 1 versus 3: Hazard ratio of 2.64, CI = 1.80–3.86, p = <0.0001).
Cows in Farm 3 reached pregnancy faster compared to cows in Farm 1 (hazard ratio: 1.87,
CI = 1.17–3.02, p = 0.0084).

5. Discussion

In this study, we demonstrate that MT decreased before and after calving in agree-
ment with previous studies [10] and that significant between farm differences in the way
muscle tissue was catabolised, which would not have been identified by body condition
scoring (although this could partially be due to different assessors scoring the cows), did
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exist. Although body condition scoring is an acceptable method to help quantify adipose
tissue [21] and does incorporate skeletal muscle [22], the use of US thickness measurements
of the longisimus dorsi muscle, as used in our study, provides a more reliable measurement
of muscle mobilisation [22]. The MT loss was not clearly associated with fat mobilisa-
tion within this study. Moreover, we demonstrate for the first time that excessive muscle
catabolism in the periparturient period may be associated with detrimental effects on
cattle fertility.

Mobilisation of fat stores is well recognised to occur in response to negative energy
balance and happens predominantly postpartum [23]; our results are consistent with that.
Asynchrony of muscle tissue mobilisation suggests an alternative mechanism or nutri-
ent requirement, and has previously been documented in the postpartum period [24].
Higher body condition and fat levels prior to calving are associated with increased insulin
resistance [25], lower dry matter intake [26] and increased mobilisation of body fat post-
partum [27]. These processes might be expected to result in increased muscle mobilisation
due to increased negative energy balance, or the requirement for amino acids to act as
anaplerotic intermediaries. Mann et al. (2016) [4] did in fact identify increased muscle
autophagy in cows that were overfed relative to energy requirements in the transition
period. In our study, increased MT was associated with increased mobilisation of muscle
tissue, but increased BFT was not. Van der Drift et al. (2012) [10] showed cows mobilising
increased amounts of skeletal muscle–identified by higher 3-methylhistidine concentration–
had lower beta-hydroxybutyrate concentrations, suggestive of a protective effect on fat
mobilisation, or more complete oxidation of mobilised NEFA; however an association
between NEFAs concentration immediately after calving and muscle mobilisation did not
exist in our study.

The initiating factors for mobilisation of skeletal muscle and the fate of the mobilised
amino acids are unclear and investigating this was beyond the scope of this study. Demand
for amino acids is increased both prior to calving for mammary development, fetal growth,
and colostrogenesis and post-calving for milk protein synthesis [12], whilst requirements
for the immune system must also be satisfied. Increased nutrient demand is typically
compounded by the decline in dry matter intakes in the periparturient period [2] accompa-
nied by transient insulin resistance, in order that the available nutrients are prioritised for
milk production. In this situation, amino acids can also be used as an energy source via
gluconeogenesis, analplerosis, and ketogenesis. However, in agreement with the findings
of previous studies [9,10,24] the asynchrony between fat and protein mobilisation indicates
that negative energy balance is not the sole or primary initiator of mobilisation of skeletal
muscle in the peripartum period.

Both animal and environmental factors influence MT, with differences between farms
and parities. Second lactation animals have lower MT than heifers or mature cows [28], and
it is likely that this occurs due to failure to re-accrete muscle tissue between first and second
calving due to requirements for lactation and growth. Farm effects may be associated with
differences in nutritional management, both during lactation and the dry period, with
prior evidence that dietary manipulation during the dry period can influence longissimus
dorsi thickness [28]. For the two farms, for which detailed dry period diet information was
available in this study (data not shown), predicted metabolisable protein (MP) yield was
lower in the farm that had greater MT loss over the study period, suggesting that increased
MP may be protective against decrease in MT and potentially supplies an alternative source
of amino acids. Further research is required to determine if this is a valid conclusion.

Higher genetic merit for milk yield has been found to be associated with greater
lipolysis due to an increase in activity of hormone-sensitive lipase and a greater response
to β-adrenergic stimulation [29,30]. Multiparous animals in our study were found to
have a greater risk of higher NEFAs at fresh in comparison to primiparous, which is not
unexpected due to their greater milk production. However, milk PTA was not associated
with high NEFAs at fresh in our study. Genetic merit for milk yield was still associated with
differences in body composition, with animals in the lowest category for PTA milk having
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both increased BFT and MT, suggesting that these animals may preferentially partition
nutrients to body reserves, rather than milk production.

Fertility index was favourably associated with days to first service and calving to
conception interval supporting the importance of genetic selection for the improvement
of Holstein cows’ reproductive performance. Days to first service were also influenced by
farm, suggesting environmental and management effects, but were also associated with
the degree of change in MT with cows with the least loss in muscle tissue having the
lowest days to first service. An unfavourable association was found between cows that lost
the greatest MT over the entire study period (pre-calving to early lactation) and days to
first service. This suggests that reproductive performance could be poorer when muscle
mobilisation occurs over an extended period. Our study does not provide an explanation of
a mechanism for the relationship between muscle catabolism and fertility, but this warrants
further investigation as a potential mechanism to improve reproductive performance in
higher producing dairy cows.

Variation in assessor was found to be significant and thus is a potentially confound-
ing factor, suggesting imperfect agreement between different operators. All assessors
were trained by the same experienced researcher and according to a previously described
method [10], but an assessment of agreement between different assessors was not under-
taken. In future studies, capture and analysis of ultrasound images should ideally be
limited to a single operator. Alternatively, a biochemical marker of muscle mobilisation,
such as 3-methylhistadine [31] or creatinine [9] as an indicator of total skeletal muscle mass,
could be used; however these are only markers of muscle mobilisation and not necessarily
more accurate than repeated ultrasound measurements. Further limitations of our work
include the inability to correct for the confounding effect of assessor variation when per-
forming fertility analysis with MT loss as an explanatory variable. The overall effect of MT
changes on fertility could be more or less influential than currently presented. Although not
a focus in this study, diet does play a role in body composition and nutritional management
may be influential on the study findings and could explain part of the significant farm
effect described here. As this study was designed as observational, an alternative approach
would be to conduct a randomised control trial to allow ration alterations.

6. Conclusions

In agreement with previous studies, we have identified significant mobilisation of body
fat and muscle tissue across the transition period in dairy cows. Asynchrony in mobilisation
of fat and muscle suggests that negative energy balance is not the sole underlying cause
of muscle catabolism, and that a variety of different uses are possible for the mobilised
amino acids. Furthermore, we have identified an association between the degree of muscle
catabolism and subsequent reproductive performance. Variation in genetics, diet, and
environment at individual and herd level provide potential mechanisms to manipulate the
amount of muscle catabolised in the peripartum period and thus further study is warranted
in these areas.
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