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Abstract
Live weight and liveweight gain of dairy heifers has been described in New Zealand and overseas, however, the change in 
stature and pattern of proximal and distal bone growth has, to date, received little attention. This study describes the proportional 
changes in stature with live weight, in a cohort of commercial dairy heifers (Holstein-Friesian, Jersey, and Holstein-Friesian-
Jersey crossbred) from birth to 15 months of age. Comparisons of height, length, girth, and distal and proximal forelimb length 
(stature) revealed that at the same live weight, these parameters differed among breeds (P<0.05), however, the magnitude of the 
differences among breeds was consistently less than 1 cm. As heifer live weight increased, the contribution of the distal limb to 
increases in height decreased, which is consistent with knowledge that physeal closure in cattle occurs earlier in distal limb bones, 
such as the metacarpus, than in proximal limb bones, such as the humerus. In addition, the understanding of proximal and distal 
growth in cattle identifies when heifers are most susceptible to growth checks.
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Introduction
In dairy heifers, the improvement in genetics for milk 

production has caused an increase in demand for calcium 
during lactation (Grace et al. 2010; LIC & DairyNZ 2019). 
Spontaneous humeral fracture in first-lactation dairy heifers 
is a condition unique to the New Zealand dairy industry. 
Affected heifers present with osteoporosis (reduced 
circumference of the bone and reduced bone wall thickness) 
which is hypothesised to be the result of insufficient peak 
bone mass prior to first lactation (Dittmer et al. 2016). It has 
been estimated that affected farmers in New Zealand could 
be losing 2% to 3% of heifer replacements within a herd 
due to humeral fractures (J. Hunnam, unpublished data).

New Zealand dairy cows are predominantly Holstein-
Friesian (33.1%), Holstein-Friesian-Jersey crossbred 
(48.5%), and Jersey (8.6%) (LIC & DairyNZ 2019). 
Holstein-Friesians are known to have a larger mature weight 
than Jersey and Jersey-Friesian crossbreds, requiring a 
faster growth rate (Handcock et al. 2019b). However, the 
relative growth rate of Jersey calves is greater than Holstein-
Friesians (Handcock et al. 2019b). Jersey calves are born 
smaller than Friesian calves and remain smaller at maturity 
(Hickson et al. 2015; LIC & DairyNZ 2019). Animals with 
heavier mature weight tend to mature later than those with 
lighter mature weight (Taylor 1965), however, a larger size 
and faster growth rate requires higher dietary energy intake 
making them more susceptible to disruptions in growth 
from feed shortages (Rattray et al. 2007). 

Growth in New Zealand dairy heifers is typically 
non-linear due to seasonal variation in feed quality and 
quantity (Handcock et al. 2021; Litherland et al. 2002). 
Times of poor feed quality or quantity such as late summer 
with low rainfall and mid-winter with low temperatures 
results in slowed heifer growth rates compared with spring 
(Handcock et al. 2019b). To understand how the heifer 

grows at a whole-body level, research has been undertaken 
to examine changes in stature up until 21 months of age 
(Handcock et al. 2021). Handcock et al. 2021 proposed a 
relationship between height, length, and girth but did not 
report the proportion of height change contributed by leg 
(metacarpus and radius) vs thoracic growth (humerus and 
scapula). It is known that mature height is achieved before 
thoracic growth is completed, however, the timing of this 
growth pattern is not fully described (Guilbert & Gregory 
1952). To gain a better understanding of key risk periods 
for humeral growth, the timing of proportional changes in 
stature and, therefore, bone growth needs to be investigated. 
By identifying risk periods of humeral growth, emphasis 
can be placed on interventions at these times to reduce the 
likelihood of humeral fractures occurring. Therefore, the 
aim of this study was to describe proportional changes in 
stature with live weight in Holstein Friesian, Jersey, and 
Holstein-Friesian Jersey crossbred calves, from birth to 15 
months of age when puberty is likely to have been achieved.

Materials and methods
This experiment was conducted with the approval of 

Massey University Animals Ethics Committee (MUAEC 
19/81).  

Animals and management
The cohort consisted of 57 Friesian, Jersey, and 

Friesian-Jersey crossbred singleton heifer calves born at 
Massey University’s Dairy 1 farm during the 2019 spring 
calving season. Dam identification was confirmed by DNA 
parentage and dam parity was recorded for each calf as 
heifer (primiparous, n=11) or cow (multiparous, n=50). 
Calves were housed for the first three weeks of life and at 
pasture thereafter. Calves were reared under commercial 
management, that involved ad-libitum colostrum until 
three days of age, then 7L/day of milk split over two feeds 
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for approximately six weeks, then calves were reduced 
to 5L of milk fed once daily until weaning. Calves were 
weaned at approximately 100 kg live weight according to 
on-farm practice, which occurred at 71-95 days of age. Ad-
libitum access to a proprietary calf meal was provided until 
five months of age (SealsWinslow 20% muesli followed by 
SealesWinslow 18% pellets; SealesWinslow, Whanganui). 
Once they exited the calf shed (3 weeks of age), calves were 
managed in a single group, except around weaning when 
calves fed milk were grazed separately to weaned calves, 
and also when the biggest 52 calves were grazed separately 
to five smaller calves. At 185-209 days (April 2020) of age 
calves were moved to a grazier in Kimbolton, Manawatu 
and were grazed under commercial management, which 
involved drafting into up to three grazing herds, based 
on breed (Jersey, Crossbred and Holstein-Friesian) to 
minimise competition among different-sized heifers and 
allow each group to be managed to meet breed-specific 
target live weight. 

For analysis, pedigree information was used to 
classify heifers in to one of five breed groups based on the 
criteria defined by Handcock et al. (2019a). Breed group 
was classified as F (F ≥ 14/16, n=15), FX (10/16 ≤ F ≤ 
13/16, n=9), FJ (F < 10/16 and J < 10/16, n=6), JX (10/16 
≤ J ≤ 13/16, n=11) and J (J ≥ 14/16, n=16). 

Sampling and measurements
Calves were measured within 48 hours of birth and 

then fortnightly until weaning. After weaning, calves were 
measured monthly until 15 months, except for the ages 
of 7-8 months, when a nationwide COVID-19 lockdown 
resulted in two missed measurements. Measurements 
included live weight, wither height, girth, wither-rump 
length (wither to tuber ischii), leg length (from ground to 
point of olecranon), toe length (from ground to the lateral 
aspect of the metacarpophalangeal joint), knee height 
(from ground to the lateral aspect of the antebrachiocarpal 
joint) and the cannon circumference (circumference of the 
metacarpus bone mid-length). All leg measurements were 
made on the left forelimb. Metacarpal length was equal to 
knee height minus toe height, thoracic length was equal to 
wither height minus leg length and radius height was equal 
to leg length minus knee height.

Statistical analysis
Statistical analysis was conducted using SAS version 

9.4 (SAS Institute Inc., Cary NC, USA). 
Second-, third- and fourth-order Legendre polynomials 

were considered, and third order was selected based on R2, 
AIC and problems of convergence using a fourth order 
polynomial. A third-order Legendre polynomial was fitted 
to age using random regression to obtain an average curve 
for live weight for the population and for each heifer. For 
this, live weight at 0, 30, 61, 91, 122, 152, 183, 213, 243, 
274, 304, 335, 365, 395, 426, 456 days of age was estimated 
for each heifer.

Second-, third- and fourth-order Legendre polynomials 
were considered, and third order was selected based on 

R2, AIC and problems of convergence using a fourth-
order polynomial. A third-order Legendre polynomial was 
fitted to the raw stature data using random regression on 
live weight to obtain an average curve for each stature 
parameter for the population and for each cow. From this, 
stature parameters at 50, 100, 150, 200, 250, 300 and 350 
kg live weight were estimated for each heifer.

Predicted stature parameters were analysed using 
general linear models. Each stature measurement was 
analysed separately at each live weight (50-350 kg, in 50- 
kg increments). Models included the fixed effect of breed 
group. The effect of dam parity (primiparous or multiparous) 
was tested but was not significant so was removed.

Results
The polynomial for live weight based on age was a 

good predictor of actual live weight (R2=0.996) (Fig. 1), and 
live weight increased with age (Fig. 2). At 15 months of age, 
heifers were approximately 78% of their mature weight.

Figure 1 Fit plot for weight. Weight vs predicted weights 
from third-order polynomial.
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Figure 1 Fit plot for weight. Weight vs predicted weights from third order polynomial.  311 
Figure 2 Live weight (kg) vs age (days) in Friesian (F) 
heifers (black), Friesian-cross (FX) heifers (purple), 
Friesian-cross-Jersey (FJ) heifers (Green), Jersey-cross 
(JX) heifers (red) and Jersey (J) (Yellow) heifers from birth 
to 15 months of age.
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Figure 2 Live weight (kg) vs age (days) in Friesian (F) heifers (black), Friesian-cross (FX) 313 

heifers (purple), Friesian-cross-Jersey (FJ) heifers (Green), Jersey-cross (JX) heifers (red) and 314 

Jersey (J) (Yellow) heifers from birth to 15 months of age. 315 
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Breed had a significant effect on girth, height, 
wither-rump length, leg length, radius height, metacarpus 
length, cannon circumference and toe length, however, the 
magnitude of the differences among breeds was consistently 
less than 1 cm, or 5%, so was not considered biologically 

Figure 3 Stature (height, girth, thoracic length, and wither rump length) and leg (leg length, radius height, metacarpal length, 
toe length and cannon circumference) measures in Friesian (F) heifers (black), Friesian-cross (FX) heifers (purple), Friesian-
cross-Jersey (FJ) heifers (Green), Jersey-cross (JX) heifers (red) and Jersey (J) (Yellow) heifers from birth to 15 months of 
age with standard error bars. 
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significant (Fig. 3). The greatest rate of increase in all stature 
measures occurred between 50 kg and 100 kg live weight. 

As live weight increased, the proportion of radius, 
metacarpal and toe length in the total height decreased 
whilst the proportion of thoracic length increased (Fig. 4). 
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At 50 kg, radius height made up the largest proportion of 
height, however, at 100 kg the proportion of thoracic length 
to total height had increased to be equal to that of radius, 
and thoracic height made up the largest proportion of 
overall height from 150 kg onwards. There was very little 
variation among animals as illustrated by the standard error 
of means. For example, at 50 kg the toe length ranged from 
13.3-14.3% of height and at 350 kg the MC3 length ranged 
from 17.9-19.4% of height.

Discussion
Feed supply on New Zealand farms is seasonal, when 

pasture availability changes dependent on the time of year 
(Rattray et al. 2007). Dairy-industry data has indicated that 
during winter (June-August) a growth check in live weight 
often occurs, due to lower pasture quality and availability 
(Handcock et al. 2016). In the current study, liveweight 
gain in heifers was linear, and live weight at 15 months 
was between 333 and 387 kg for Jersey and Holstein-
Friesians respectively. This corresponds to approximately 
78% of mature live weight, well above the industry target 
of 60% of mature live weight at 15 months (Troccon 1993). 
Therefore, the heifers in this experiment were well grown 
by New Zealand standards. 

A linear growth pattern is likely to promote 
continuous appositional and longitudinal bone growth and 
mineralisation to achieve peak bone mass (Cooper et al. 
1995). Increases in animal size cause a greater strain on 
bone, requiring an increase in bone strength to maintain 
strain within physiological limits (Rubin & Lanyon 1985). 
Given the relationship of bone strength with live weight, 
live weight, rather than age, was used as the predictor for 
stature measurements (Gibson et al. 2021; Gibson et al. 
2019). This allowed comparison of how the body changed 
as the animal grew. 

In the current experiment, increases in leg measures 
and height slowed at approximately 200 kg, whilst increases 
in capacity (i.e., girth) remained constant. Early in a heifer’s 
life, increases in live weight are mainly comprised of 
growth in long bones (linear skeletal growth) resulting in an 
increase in height (Guilbert & Gregory 1952). However, at 

puberty, longitudinal bone growth ceases due to increasing 
oestrogen secretion promoting physeal closure (Harada 
& Rodan 2003). At seven months of age, 80% of mature 
height is achieved but only 35-45% of mature weight 
has been attained (Hammack & Gill 2009). Longitudinal 
growth after seven months of age slows as 90% of mature 
height is achieved by one year of age, so contributions to 
liveweight gain are the result of increases of capacity (axial 
skeleton) (Hammack & Gill 2009). 

In the current study, proportional growth in relation 
to height in the distal parts limb, such as the metacarpus 
and toe, decreased, due to cessation of growth in the distal 
limb. At birth, metacarpal length is approximately 90% of 
mature length, so longitudinal growth of the bone is limited 
(Guilbert & Gregory 1952). Bones within the proximal 
limb, such as the radius and humerus, continue to grow at 15 
months of age, especially at the proximal growth plate in the 
humerus and distal growth plate in the radius (Bartosiewicz 
1984). The growth pattern described in the current study 
is in agreement with previous descriptions of the pattern 
of growth in cattle where bones in the distal limb mature 
earlier than bones in the proximal limb (Bartosiewicz 1984; 
Berg et al. 1978). The difference in bone maturation also 
reflects differences in the size and direction of the forces 
placed on areas of the limb. In cattle, the distal sections 
of the limb, such as the metacarpus, primarily undergo 
compression forces from stance requiring less bone strength 
(SSI) compared to the humerus (Berg et al. 1978). After a 
year of age, increases in compressional forces is moderate so 
changes in bone size in the metacarpus is limited. However, 
in the humerus, torsional forces from the surrounding 
muscles act on bone resulting in a much stronger bone than 
the metacarpus and the humerus continues to increase in 
size with increases in axial body growth (Bouza-Rodríguez 
& Miramontes-Sequeiros 2014). 

In the current study, Jersey calves were consistently 
lighter than Friesian calves of the same age. At the same 
live weight, there were minimal effects of breed on stature 
measures, demonstrating a common breed stature shape. 
However, a lighter mature weight in Jersey calves results in 
an earlier age at puberty (Hickson et al. 2011). The cessation 
of longitudinal growth with puberty occurs at a lesser live 
weight in Jerseys and results in divergence of metacarpus 
length among breeds as distal portions of the limb mature 
earlier (Berg et al. 1978). The beginning of this divergence 
in stature measures was observed in the current study when 
measures in the radius, MC3 length and height diverged 
between Friesian and Jersey heifers at approximately 150 
kg. Divergence of breed fits with previous observations by 
Bijen et al. (2020) where breed affected the relationship 
between bone size and live weight in older animals. 

With proximal limb development still occurring at 
15 of months age, bones within the proximal limb, such 
as the humerus, will be susceptible to changes in growth 
trajectory. Proximal limb development in the current 
study is consistent with previous research in steers in 
which growth in the humerus was still occurring at 24 

Figure 4 Proportion of thoracic length (Blue), radius height 
(Orange), metacarpal length (Grey) and toe length (Yellow) 
in relation to height of dairy calves from birth to 15 months 
of age with standard error bars. 
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months of age (Gibson et al. 2021). This pattern of growth 
aligns with observations of mammalian growth most-well 
described in human studies because of the association of 
growth trajectory with peak bone mass, fracture risk and 
osteoporosis (Cooper et al. 1995). 

The effect of the first winter on liveweight gain 
reported by Handcock et al. (2016), showed how times of 
poor quality and/or lack of pasture can change the trajectory 
of longitudinal bone growth in the form of an altered 
wither height. Therefore, if the humerus is continuing to 
grow during the second winter, it is likely that if adequate 
feed quality and quantity is not supplied then growth of the 
humerus may be adversely affected. Heifers with humeral 
fractures often have growth-arrest lines indicating a period 
of poor nutrition prior to the fracture occurring, which 
possibly coincides with their second winter.

Conclusion
Contributions of liveweight gain from height and 

length slowed at approximately 200-250 kg, whilst capacity 
measures such as girth continued to increase, reflecting the 
known growth pattern of cattle in which 90% of height 
is achieved in the first year. Therefore, growth in the 
metacarpus is restricted after 12 months, whereas growth 
in the humerus continues. This raises the possibility that 
growth restriction due to feed availability after 15 months 
of age could influence the development of the humerus 
without affecting the metacarpus. In addition, results from 
this study suggests that the second winter is a potential risk 
period for growth in the humerus.  Therefore, to reduce the 
risk of humeral fractures in the replacement herd, farmers 
should ensure adequate feed supply is provided in the 
second winter of a heifer’s life, up until calving.

The minimal effect of breed on stature at the same 
live weights reflect the convergence of body morphology 
towards an ideal type at a given live weight. However, 
the smaller mature size and lighter weight at puberty 
with greater Jersey genetics would have resulted in the 
divergence of stature measures after 15 months of age. 
It is expected that increases in height will slow earlier in 
more-Jersey breed groups than for breed groups with more 
Friesian genetics due to differences in mature size and age.
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