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ABSTRACT

Fodder beet and kale are commonly used winter crops in New
Zealand dairy and dairy support farm systems. Fodder beet (FB) is
known to have lower crude protein, phosphorus and calcium
content compared to kale. The intrauterine effects of feeding FB
during late pregnancy on bone growth and development in calves
requires attention. This study aimed to examine the intrauterine
effects of a maternal diet of either kale or FB on measures of calf
stature and bone morphology at birth. In winters 2019 and 2020,
two herds of pregnant Friesian X Jersey cows were fed either kale
(2019, 2020 n=20) or FB (2019, 2020 n=20) supplemented with
pasture baleage. Calves born from these mobs were euthanised
within ten days of birth and a forelimb and section of rib including
the costochondral junction were harvested for peripheral
quantitative computed tomography and histological analysis.
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Calves from the FB treatment had reduced bone density and
strength compared to calves from the kale treatment (p <.05). The
effect of a nutritional deficit on bone morphology at birth
emphasises the importance of sufficient nutrition in pre-calving
diets. Future research is required to examine the long-term impact
of dam undernutrition on calf growth and production.

Introduction

New Zealand dairy farms utilise pasture-based feed systems with the use of crops to
either supplement pasture during lactation or as the main diet component during the
non-lactation (‘dry’) period to meet feed demand when pasture growth is low. The
majority of dairy herds in New Zealand use a spring calving system (85%) with few
farms using an autumn (3%) or split calving system (autumn and spring, 12%)
(Edwards et al. 2021). Therefore, drying-off for spring calving cows typically occurs
prior to winter when pasture growth is low.
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During the non-lactating winter period, cows are offered different combinations of
pasture, crop and conserved forages e.g. silage, baleage and straw. The relative quantity
of crop and conserved forage as a proportion of total feed offered differs geographically
due to variation in climate. In the southern regions of New Zealand, crops can contribute
a large proportion of the winter-feed offered due to lower seasonal pasture growth and
quality associated with colder temperatures. Two common winter crops are kale (Bras-
sica oleracea L.) and fodder beet (Beta vulgaris L.) (Edwards et al. 2017). Kale is a
common winter crop due to its higher yield of metabolisable energy and crude protein
compared to ryegrass (Rugoho et al. 2014).

Fodder beet (FB) has become an increasingly popular winter feed option in the past
decade (DairyNZ Economics Group 2019). The popularity of FB is associated with its
high metabolisable energy, consistent quality, high yield and lower cost per kg of dry
matter produced. In addition, FB can be fed in situ or lifted from the ground to be fed
in another paddock or on a feed pad (Waghorn et al. 2018a). Although the high metabolis-
able energy in FB makes it a valuable tool to put condition on cows, if fed alone, it is known
to be insufficient in dietary protein, phosphorus and calcium (Jonker et al. 2022). As a result
industry recommendations suggest that FB should be fed in conjunction with pasture or
other supplements to ensure adequate nutrition is provided and reduce the risk of meta-
bolic and health issues such as ruminal acidosis and hypocalcaemia in dairy cattle
(Waghorn et al. 2018b; Jonker et al. 2022). Additionally, FB has also been suggested to
have an intrauterine effect on lamb bone development, with offspring of sheep wintered
on FB being born with limb deformities and shortened limbs due to insufficient phos-
phorus and protein (Dittmer et al. 2017; Hammond et al. 2022). In a case study of
lambs born to ewes grazed on FB over winter, 6% were born with a skeletal deformities con-
sistent with nutritional congenital rickets likely due to insufficient phosphorous (Dittmer
et al. 2017). Given this data, it is possible that intrauterine and preweaning nutritional
deficits may have a direct effect on bone growth and development. The timing of the nutri-
tional deficit alters how a bone responds, depending on its location and stage of maturity.
For example, distal bones in the cow, such as the metacarpus, have limited growth after
birth and are mature by one year of age (Guilbert and Gregory 1952), whereas proximal
bones such as the humerus are later maturing (Gibson et al. 2022). The majority of intrau-
terine growth in cows, particularly of the musculoskeletal system, occurs in the third trime-
ster (Mao et al. 2008). Thus, if the majority of the diet during the third trimester consists of
winter crops low in protein and minerals that are required for bone growth, such as FB
(Woods et al. 2023), the risk of intrauterine growth retardation may be increased.

Estimations on when longitudinal bone growth was restricted can be determined by
evaluating sections of the bone. Long bones are divided into three main regions: the epi-
physis, metaphysis and diaphysis. Longitudinal growth occurs in the metaphysis making
it a dynamic site that is influenced by recent changes in growth. As the bone grows, the
affected bone is pushed towards the diaphysis (middle of the bone) (Craig et al. 2016).
Recent growth restrictions would be observed in the metaphysis whilst older growth
restrictions would be observed in the diaphysis. Deficits in longitudinal bone growth
are typically observed as a shorter bone length and stature (Hammond et al. 2022).
Thus, if calves were exposed to insufficient nutrition in utero, they may be born
smaller in size. Previous research has looked into how wintering cows on FB in late preg-
nancy impacts calf birth weight (Bryant and Pirat 2014; Moonsan et al. 2018), however,
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there is limited information on how winter nutrition in dairy cattle alters intrauterine calf
bone growth and development.

The aim of this study was to examine the intrauterine effects of a maternal diet of
either kale or FB supplemented with pasture baleage on measures of calf stature and
bone morphology at birth.

Materials and methods
Diet

All procedures had prior approval of the Ruakura Animal Ethics Committee, Hamilton,
New Zealand (RAEC #14453).

The following outlines two trials that were run at the Southern Dairy Hub (Southland,
New Zealand, 46°18 037.8"S, 168°18 046.1”E, 11 m asl) in 2019 and 2020 examining the
effect of maternal winter diet on calf stature and bone development. Calves were born
from dams offered a winter diet of either kale (kale treatment) or FB (FB treatment)
with both groups also being offered pasture baleage. Samples collected in this experiment
were opportunistically collected from a larger ongoing farm systems trial looking at the
effect of feeding kale and FB pre-calving on cow production thus restricting the ability for
variables in the 2019 calves to be completely replicated in the 2020 calves. Therefore, the
2019 born calves and 2020 born calves were treated and analysed as two separate cohorts.

Dams were transitioned onto their respective FB and kale crops at the beginning of
their third trimester following industry good-practice management (Gibbs and Saldias
2014; Woods et al. 2023). The allocation and nutritional information for the kale and
FB winter diets are presented in Table 1. Dams offered FB also received 50 g Dicalcium
Phosphate (DCP, >18% P, >21% Ca, <0.18% F, Farm Source) per cow per day dusted
onto baleage and 70 g/cow/day of a loose lick (Magphos lick, 11% P, 20% Mg, 6.4%
Na, Livestock Supplies). Utilisation of these has been assumed at 50% for DCP and
95% for loose lick. Cows were drafted off crops under standard farm practice of two
weeks prior to their due date or due to changes in udder.

2019 born calves

At approximately 5-8 days old (median =6 days, IQR =5-7 days), 40 Friesian-Jersey
cross bull calves from mixed age Friesian-Jersey cross dams (20 from dams offered
kale with baleage, 20 from dams offered FB with baleage) from the Southern Dairy
Hub were euthanized using captive bolt. Left and right forelimbs, costochondral junction
and a section of ear (including the ear tag) were collected for labelling purposes. These
were sent to Massey University, Palmerston North where the legs were disarticulated,
and the humerus and metacarpus of each animal stored in separate labelled bags in a
freezer until peripheral quantitative computed tomography (pQCT) scanning could
occur. Bone slabs of the costochondral junction and humerus were placed in 10%
neutral buffered formalin until processing for histology and histomorphometry.

2020 born calves
The 2020 cohort consisted of Friesian-Jersey cross heifer calves born from Friesian-Jersey
cross heifer dams (10 from dams offered kale with baleage, 10 from dams offered FB with
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Table 1. Kale and fodder beet dam diets in winter 2019 and 2020, data from the crop and baleage
components of the diet.

Year 2019 2020

Dam diet Recommended Kale Fodder beet Kale Fodder beet

Time fully transitioned onto crops before - 90.8+1.7 83.6%17 706+23 66.7+1.8
calving (days)

Time on crop (days) - 80.7+1.0 750+19 542+14 522+1.7

Time off crop before calving (days) - 102+1.0 8319 163+13 14916

Cultivar - Regal Jamon Firefly Feldherr

Crop allocation (kg DM/cow/day) - 1.1 10.6 11.3 9.3

Estimated crop utilisation (%) - 70 95 70 95

Baleage allocation (kg DM/cow/day) - 35 34 3.2 34

Baleage utilisation (%, assumed) - 80 80 80 80

Total diet composition

Metabolisable energy (MJ ME/cow)? 94.0° 116 154 124 133

Crude protein (% DM) 12.0° 14.6 116 16.4 11.2

Neutral detergent fibre (% DM) 35.0¢ 35.0 21.5% 30.0* 25.3*%

Soluble sugars and starch (% DM) 38.0 20.0 47.3*% 20.0 40.5

(maximum)©

Phosphorus (% DM) 0.3-0.35° 0.28 0.20 (0.29)* 0.31 0.25 (0.35)*

Potassium (% DM) 1.0 (maximum)© 2.01 1.70 2.56 2.29

Sulphur (% DM) 0.23¢ 0.57 0.14* 0.59 0.14*

Calcium (% DM) 0.6-0.8° 1.00 0.36 (0.41)* 1.19 0.42 (0.47)*

Magnesium (% DM) 0.22-0.28¢ 0.18* 0.21 (0.32)* 0.18* 0.24 (0.36)*

Chloride (% DM) 0.25¢ 1.55 1.03 133 1.12

Sodium (% DM) 0.2¢ 0.76 0.63 (0.67) 0.33 0.66 (0.69)

Note: Total diet composition with and without mineral supplements included (50 g dicalcium phosphate/cow/day and
70 g loose lick/cow/day offered to dams on fodder beet diets). Numbers in brackets indicate diet composition value
including the addition of mineral supplement.

#Calculated as ME = DOMD x 0.14 + Crude Fat x 0.25 for fodder beet and ME = DOMD x 0.16 for kale; *Indicates lower
than industry recommendations according to ° (Nicol and Brooks 2007), ¢ DairyNZ (2021)

baleage) and bull calves born from mixed age dams (10 from dams offered kale with
baleage, 10 from dams offered FB with baleage). Calves were euthanised using captive
bolt at approximately 3-10 days of age (median = 8 days, IQR = 6-9 days). Sample collec-
tion was performed using the same protocol outlined for the 2019 born calves.

Stature

Linear measurements (to the nearest cm) and liveweight (to the nearest kg) were taken
within two days of birth. Linear measures of wither height, girth, wither-rump length
(wither to tuber ischii) and leg length (from ground to point of olecranon) were obtained
at the time of weighing. Humeral and metacarpal length were measured immediately
prior to peripheral quantitative computed tomography (pQCT) analysis.

Peripheral quantitative computed tomography (pQCT)

Peripheral quantitative computed tomography scanning was carried out using the protocol
previously reported by Gibson et al. (2021). Briefly, pQCT scanning was carried out using
an XCT 2000 peripheral quantitative computed tomography machine (Stratec Medical,
Pforzheim, Germany). For each bone, a 2 mm slice at the mid-diaphysis was obtained
with a voxel size of 0.3 mm. In the metacarpus, bone length was defined as the distance
between the lateral aspect of the lateral condyle of the fourth metacarpal and the proximal
aspect of the lateral fourth metacarpal. The metaphysis and mid-diaphysis were defined as
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25% and 50% of the total bone length starting at the lateral aspect of the lateral condyle of
the fourth metacarpal. In the humerus, total bone length was defined as the distance
between the proximal end of the humeral head at the lateral aspect, to the end of the tro-
chlea at the distal end. The metaphysis and mid-diaphysis were defined as 25% and 50% of
the total bone length, starting from the proximal end of the trochlea. Within the manufac-
turer’s software, voxels > 710 mg/cm3 calcium hydroxyapatite (CaHA) were assigned as
‘cortical’ bone. Data derived from the scan included measures of total bone content, peri-
osteal circumference, endosteal circumference and stress — strain index (SSI). The SSI is a
derived measure of bone strength using pQCT data and avoids the requirement for
destructive testing using techniques such as the three-point bending test. The SSI describes
the ability of bone to withstand bending from lateral, dorso-palmar and torsional forces
and is calculated by incorporating the index of material stiffness (bone mineral density)
and bone geometry (cross-sectional moment of inertia) (Ferretti 1995). The pQCT vari-
ables will be referred to as bone parameters in the statistical models.

Bone histology

A rib section was taken from each calf for a total of 80 rib sections (40 from 2019 and 40
from 2020). Forty sections from calves with dams offered kale with baleage and 40 sec-
tions from calves with dams offered FB with baleage. Sections of ribs (costochondral
junction) were cut using a band saw and fixed in 10% neutral buffered formalin solution.
After 24 h ribs were decalcified in 10% hydrochloric acid (Decalcifier hydrochloric acid,
Amber Scientific Ltd, Midvale, Australia), then trimmed to fit a histology cassette, dehy-
drated in graded alcohol and embedded in paraffin wax. Sections (4 pm) were cut using a
microtome and stained with Haematoxylin and Eosin (H&E). After staining, bone sec-
tions were examined using a light microscope. Measures and photographs were obtained
using Olympus cellSense imaging software (version 4.2). In each section the distance
(length in micrometres (um)) from the zone of hypertrophic chondrocytes to the depo-
sition of bone matrix (zone of ossification) were measured at three different sites in the
metaphysis and then the mean determined.

Bone histomorphometry

A section of the humeral metaphysis was taken from 20 calves born in 2019 cohort (10
from calves with dams on kale and 10 from calves with dams on FB) using a band saw and
fixed in 10% neutral formalin solution for 24 h. Undecalcified humeral bone sections
were then dehydrated in graded alcohol and placed in resin infiltration solution I
(90% methyl methacrylate [MMA] and 10% dibutyl phthalate [BPO], Sigma-Aldrich,
St. Louis, Missouri, United States) for 24 h, followed by resin solution II (90% MMA/
10% BPO, Sigma-Aldrich) for 24 h. Samples were then placed in a resin embedding sol-
ution (95% MMA/5% BPO) for 24 h. Benzoyl peroxide (Luperox A75, Sigma-Aldrich,
St. Louis, Missouri, United States) was used as the polymerisation agent. Samples were
cut at 6 pm using a super-microtome (Mikrotom 2050 supercut, Reichert Jung,
Germany) and stained with Goldner’s modified trichrome stain and Macneal’s tetra-
chrome with Von Kossa. For sections stained with Goldner’s trichrome stain an image
of the entire section was taken at a magnification of 12.5x to analyse bone area in
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um2 and bone perimeter in um. Also, at 400x magnification an image was taken each
time osteoid was identified to measure mean osteoid area in pm2 and mean osteoid per-
imeter in pm. This was performed on the entire section. For bone area standard Bone]
plugins (Domander et al. 2021), for Image] (version 1.53c, National Institute of
Health, Bethesda, Maryland, USA) was used. Evaluation of bone perimeter, mean
osteoid area and osteoid perimeter was measured using Image] software (version
1.53¢c, National Institute of Health, Bethesda, Maryland, USA). Finally, for sections
stained with Macneal’s, three random images at 200x magnification were taken. On
each image resorption cavities were identified and counted manually. Results were com-
pared between calves with dams on kale and calves with dams on FB.

Statistical analysis

Statistical analysis was conducted using the Statistical Analysis System software version
9.4 (SAS Institute Inc, Carey, NC, USA) with a level of significance set at p <.05. Due to
the opportunistic nature of this research, variation in dietary factors, age of cow and calf
sex between years could not be kept the same between the two years. Therefore, the calf
cohorts (2019 vs 2020) were examined independently. due to All analyses were carried
out using a general linear model with the model for calf birth weight, wither height,
crown rump length and girth having the fixed effect of dam diet and sex (2020 cohort
only). Models looking at the effect of diet on calf bone parameters included the covariate
of birth weight and the fixed effect of sex (2020 cohort only) and diet. Birth weight was
included as a covariate in the models to account for variation in calf size.

Results
Peripheral quantitative computed tomography

In 2019, calves in the kale treatment had a greater wither height, crown-rump length,
metacarpus length and humerus length than calves in the FB treatment (p < .05, Table
2). In the 2020 born cohort, calves from the kale treatment had a greater girth size
than calves from the FB treatment (p =.019).

In both 2019 and 2020 calves born to dams wintered on kale had a greater cortical/
subcortical bone area, content and density as well as SSI in the metaphysis of the meta-
carpus compared with calves from dams wintered on FB (p <.05, Table 3). In the mid-
diaphysis of the metacarpus, there was no effect of treatment on bone parameters from
calves born in 2019. In the 2020 cohort, calves in the kale treatment had greater total bone
content and cortical/subcortical density and content than calves in the FB treatment.

Humeral bone length was greater in 2019 calves in the kale treatment than calves in
the FB treatment (p <.05, Table 4). In 2019, there was a significant effect of dam diet
on the metaphysis in the humerus such that calves in the kale treatment had greater cor-
tical/subcortical bone area, content and density and SSI than calves in the FB treatment
(p < .05, Table 4). Total bone content in the metaphysis and mid-diaphysis was greater in
the kale treatment calves born in 2020 than FB treatment calves. In the mid-diaphysis,
cortical/subcortical density and content was greater for 2020 born calves in the kale treat-
ment compared to calves in the FB treatment.
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Table 5. Least squared means + standard error for distance to bone matrix deposition in the rib (um)
for calves born to dams fed either kale or fodder beet winter diets with baleage in 2019 and 2020.

Kale Fodder beet p-value
Treatment Birth weight
n 20 20
Year
2019 364.1+16.4 4152+16.4 .035 120
2020 3089+124 3135+13.0 .800 398
Histology

In 2019, after adjustment for birth weight, calves in the kale treatment had a shorter dis-
tance between the zone of hypertrophic chondrocytes to deposition of bone matrix in the
rib than calves from the FB treatment (p=.035, Table 5). There was no difference
between treatments in mean distance (um) from the zone of hypertrophic chondrocytes
to deposition of bone matrix in the rib between calves born in 2020 (p = .800, Table 5).

Histomorphometry

Calves born in 2019 in the kale treatment had greater humeral bone area and bone per-
imeter and less resorption cavities than calves in the FB treatment as measured using his-
tomorphometry (Table 6). There was no effect of treatment on osteoid area and osteoid
perimeter in the humerus. Histomorphometry was not measured in the 2020 calves. In
2020 ribs from two calves from dams fed FB had healing microfractures in the
primary spongiosa, which could be consistent with bone fragility. No microfractures
were detected in the ribs of 2019 animals.

Discussion

Calves from the FB treatment had similar birth weight compared with calves from the
kale treatment but demonstrated reduced linear growth as reflected in shorter wither
height and crown rump length. The reduced linear growth was also reflected in
reduced measures of bone size and strength in both the humerus and metacarpus.
There was some variation between years in the magnitude of the differences between
treatments, but not the direction of the difference, which may indicate a dose response

Table 6. Least squared means + standard error for bone area, bone perimeter and number of
resorption cavities in the humerus of calves born to dams fed either kale or fodder beet winter
diets in 2019.

Kale Fodder beet p-value
Treatment Birth weight
n 10 10
Bone area (mm?) 300+1.4 237+14 .005 215
Bone perimeter (um) 8146.8 +211.0 72844+211.0 011 149
Number of resorption cavities 57.6 £ 6.1 100.5 6.1 <.001 .582
Osteoid area (pmz) 77.8+94 587+94 172 154

Osteoid perimeter (um) 97.8+124 69.9+124 134 A71
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effect as the duration of the dam cohorts on the crops differed between years. This
between year variation in the duration of time on crop reflects the practical difficulties
with collection of data from on-farm system experiments.

The removal of the cows off crops in both years was based on predicted calving date
and udder development with the aim to remove dams off the crop two weeks prior to
calving. The source of calves differed between years with 2019 calves being born to
mixed age cows and 2020 born calves being born to two-year-old heifers (heifer
calves) and mixed age cows (bull calves). Heifers tend to be mated with the aim of
calving earlier in the calving period than mixed age cows (DairyNZ 2023). As a result,
the length of time on crops in 2019 and 2020 differed with dams of the 2020 born
calves being on crops for approximately two weeks less than dams in 2019. This
meant that calves in 2019 were exposed to a maternal nutrition restriction for longer.

Although calves from the FB treatment born in 2019 had the same birth weight as the
calves in the kale treatment, they had a shorter wither height and bone length for both
metacarpus and humerus. As this effect was not observed in the 2020 born calves it is
possible that the restriction in long bone growth was due to the longer period grazing
FB in 2019. The result in the 2020 cohort was similar to observations by Moonsan
et al. (2018) where dams were fed a diet with low or moderate crude protein for eight
weeks prior to calving. Although the crude protein deficiency was greater in the study
of Moonsan et al. (2018), than what was provided in the current study, they reported
no effect of dam diet on birth weight and stature at birth. Thus, there may be a dose-
dependent response to crude protein and mineral restriction in the dam, indicating
that the negative effect may be more dependent on the duration of the exposure than
the relative magnitude of the crude protein and mineral deficiency once below the
‘minimum threshold’. This result suggests that the length of the dietary restriction
plays an important role in determining the severity of intrauterine growth restriction
on bone.

Differences in the effect of diet on stature between cohorts may reflect seasonal vari-
ation in crop growth and differences in the allocation of crops between years. Dams in the
FB treatment in 2019 were fed 13.5% more kg DM/cow/d FB than FB dams in 2020. As a
result, the metabolisable energy offered to the 2019 FB dams was greater than 2020 FB
dams but the provision of crude protein and other important bone growth minerals
such as phosphorus and calcium were lower. Therefore, the lower crude protein and min-
erals most likely became the limiting factor for bone growth and development. The
absorption of phosphorus and calcium are heavily dependent on each other (Reinhardt
et al. 1988). Additionally, some studies in humans have suggested that the impact of low
protein on bone formation is dependent on having adequate calcium in the diet
(Dawson-Hughes 2003; Vatanparast et al. 2007). Diets that are low in phosphorus
have been shown to reduce the formation of bone matrix in growing rats and in pigs
(Baylink et al. 1971; Serensen et al. 2019).

Although there was only an effect of treatment on stature in the 2019 born calves,
differences in bone morphology at a pQCT level were observed in both years in the meta-
physis of the metacarpus. As bone in the metaphysis is associated with recent growth, this
result was expected as the diet was fed to the dams in the winter just prior to calving.
Although there was no difference in bone circumference between treatments, material
properties of density and content were greater in calves in the kale treatment than in



12 (&) M.J.GIBSONETAL.

the FB treatment. This indicates that the ability for bone to lay down matrix was reduced
by the FB diet (i.e. protein deficiency). As a result of a lower bone content, calves from the
FB diets had lower bone strength (SSI) and increased risk of fracture.

At the mid-diaphysis site in the metacarpus and humerus, calves from the FB treat-
ment had lower measures of bone content than those from the kale treatment, though
this difference between treatments was only significant in the 2020 calves. It is possible
that the earlier removal of the 2020 dams off the crops provided an opportunity for
some correction in dietary intake and this permitted some compensatory growth in
the foetus. If this compensatory growth did occur, bone in the metaphysis would be
pushed towards the mid-diaphysis as a result of longitudinal growth. However, due to
bone turnover being a slow process relative to the timing of events in this study, it is poss-
ible that the magnitude in the differences between treatments in the two years is a result
of variability in bone and low animal numbers.

Histological analysis of the ribs demonstrated that calves from the kale treatment laid
down bone matrix on the scaffold of cartilage spicules earlier than calves from the FB
treatment, which would have resulted in increased bone strength. Greater deposition
in mineral content and bone strength was also observed in the morphometric analysis
of the limb bones and the pQCT analysis at the metaphysis in both years for calves
from the kale treatment. Although not statistically significant in 2020, changes were
observed in the humeral growth plate in 2019 with calves from the FB treatment
having a greater thickness of the growth plate compared with calves born to dams on
kale. An increased thickness of the growth plate has also been reported in rats with
intrauterine exposure of low maternal protein diet indicating an alteration in the pro-
gramming of skeletal growth (Byers et al. 2000; Mehta et al. 2002a). This alteration in
the programming of skeletal growth can have long-term implications on bone develop-
ment (Mehta et al. 2002b; Lanham et al. 2008).

Bone histomorphometry analysis is used to study bone turnover, remodelling and
structure (Eriksen et al. 1994; Vedi and Compston 2003). In this study, the humerus
had less bone area and bone perimeter in calves from the FB treatment compared to
the humerus from calves from the kale treatment. The lower percentage area occupied
by mineralised bone observed in calves from the FB treatment indicates diminished
bone formation rate in these calves that results in decreased bone length and strength.
Interestingly, when active bone formation (osteoid area, osteoid perimeter) was deter-
mined as a percentage of overall bone area, there was no differences between groups.
Due to greater bone area in calves born to dams on kale, there were a greater number
of bone formation areas. This result suggests that the initial lower bone area in calves
from the FB treatment may be perpetuated with age, as the overall number of active
bone formation areas was also less in these animals.

Greater number of resorption areas in the humerus from calves from the FB treatment
indicates increased osteoclastic activity and bone resorption. This results in reduced bone
surface and hence reduced bone strength indicating an effect in the programming of the
skeletal growth in calves born to dams on FB compared to kale. It is possible that the
lower protein diet reduced oestrogen resulting in higher levels of follicle stimulation
hormone and thus the formation and function of osteoclasts (Lanham et al. 2008). Alter-
natively, in humans low protein diets are associated with decreased calcium absorption
from the intestine, resulting in increased parathyroid hormone secretion and thus
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increased osteoclastic resorption (Kerstetter et al. 2000; Kerstetter et al. 2003). The
greater bone removal could further compound the lack of bone formation surfaces avail-
able in calves born to dams on FB.

The sex effect on bone morphology observed in the 2020 born calves may reflect differ-
ences in the response of male and female calves to nutritional deficits. Studies performed
in humans describe significant gender differences in bone growth and development
(Schoenau et al. 2001). With only a sex effect examined in the 2020 born calves,
further research is required to examine whether there are sex specific effects of intrauter-
ine growth restrictions on calves, any probable long-term effects and whether animals
can recover with time or not.

Studies on foetal/developmental programming in other species have shown that
alterations in intrauterine growth can have long-term effects on organ structure and/
or function and may result in, as appears to be the case in these calves, poor bone
quality and potentially an increased risk of fracture in the future (Lanham et al. 2008;
Reynolds et al. 2019). Research in rats has suggested that offspring from dams fed a
low protein diet had altered bone structure, density and turnover that continued to be
observed in later life (Mehta et al. 2002a; Lanham et al. 2008). This observation
coupled with results in the current study suggest that the effect of maternal protein
restriction in dairy calves may have a future effect on bone growth and development pre-
venting peak bone mass from being attained. If peak bone mass is not achieved the risk of
these offspring being affected by spontaneous humeral fractures as a result of osteoporo-
sis may be increased (Wehrle-Martinez et al. 2022).

Results in the current study emphasise that to maximise the benefits of using FB as a
winter crop for pregnant dairy cattle, potential nutritional deficits in protein, phosphorus
and calcium must be addressed to meet nutritional needs. When feeding FB, the
inclusion of good quality pasture silage and/or pasture and mineral supplements in
the diet is advised, particularly in late pregnancy to prevent intrauterine growth retar-
dation in newborn calves.

Limitations

The opportunistic nature of this research restricted the ability to control factors such as
time on crops between treatments, dam parity and the sex of the calves between years. In
addition, the low number of calves prevented the examination of stature and bone mor-
phology in older calves to determine whether the effect of intrauterine retardation would
have been overcome if those calves were provided adequate nutrition after birth. Future
research should aim to examine the long-term effects of maternal diet on dairy heifer
growth and production.

Conclusions

Across the two years, despite variation in the measures showing differences, the overall
trend indicates there was altered bone structure and development in calves from dams
the offered FB diet compared to calves from dams offered the kale diet, resulting in pre-
dicted increased risk for fracture in calves from dams on FB. The variation in measures
showing differences could indicate a year effect on the magnitude of the diet effect. This
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may be related to either the timing of the feeding of the diets (duration and timing during
foetal development), the magnitude of the exposure (quantity of feed), or the compo-
sition of the diet (for example protein, phosphorus content). Future research is required
to expand this research on a larger scale and follow calves from birth to maturity to
examine whether the effect of restricted crude protein or minerals on bone is overcome
and the effect of further exposure to restricted protein on bone morphology later in the
heifers’ life. Results from the current study and future research will enable industry rec-
ommendations for pragmatic cost-effective winter-feeding solutions for dairy cows and
replacements.
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