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1 | INTRODUCTION

Hoof disorders are crucial factors leading to dairy cattle culling. These disorders are
difficult to detect, diagnose, and record, causing animal health problems and serious
economic losses. The coronet score is a new hoof health indicator developed by the
Dairy Herd Improvement Program of Japan. This score is assigned on a 5-point scale
and can easily be determined by examining the degree of redness and swelling
around the hooves. To determine whether coronet scores can be used to genetically
improve hoof health, we investigated non-genetic factors in the score, developed a
genetic analysis model, and estimated genetic parameters. Coronet scores were col-
lected from 1280 herds in 28 prefectures once a month from 2014 to 2021. Further-
more, 1,598,878 test-day records of 94,951 cows from the first- to third-parity and
pedigree information of 216,416 individuals were used in the analysis. Results
revealed that herd size, parity, age, test month, and lactation stage influenced the
coronet score. Additionally, the heritability of the coronet score estimated via the
herd-test-day model was 0.027, and genetic trends deteriorated in sires and cows.
Overall, we demonstrated that coronet score is a heritable trait, suggesting that hoof

health could be genetically improved by selection for coronet score.
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dairy cows (Abdelsayed et al., 2017; Shabalina et al., 2020). Mastitis
and reproductive disorders are the most prominent diseases directly

Hoof health of dairy cows is one of the serious concerns in dairy farm-
ing. Genetic improvements in dairy cows have contributed to signifi-
cant increase in milk production; however, milk yield have
unfavorable genetic correlations with various nonproduction traits,
and the decline in health associated with selection for highly produc-
tive animals has become a major problem (Abdelsayed et al., 2017;
Egger-Danner et al., 2015). Hoof disorders have the highest incidence
and culling frequency, following mastitis and reproductive disorders in

linked to productivity; they have been incorporated into the selection
index in various countries (Brito et al., 2021; Miglior et al., 2017). In
contrast, hoof diseases tend to be overlooked and underestimated
until they become severe (Bennett et al., 2014; Espejo et al., 2006).
Hoof-related disorders lead to reduced milk production and fertility
(Buch et al., 2011; Enting et al., 1997; Huxley, 2013). Economic losses
due to these disorders are estimated at $76 to $533 per case, includ-
ing treatment and culling (Dolecheck & Bewley, 2018). Additionally,
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hoof-related disorders lead to long-term pain and stress in cows
(Whay & Shearer, 2017). Therefore, it is a serious concern that
requires immediate attention from both economic and animal welfare
perspectives.

Hoof disorders are heritable, which implies that genetic improve-
ments can reduce their incidence. Previous studies have used linear
model analysis to estimate the heritability of hoof disorders and
revealed heritability ranging from <0.01 to 0.14 (Pérez-Cabal &
Charfeddine, 2015; van der Linde et al., 2010; van der Spek
et al,, 2013; van der Waaij et al., 2005). Collecting high-quality data
on a large scale is necessary to obtain reliable estimated breeding
values (EBVs) for effective genetic improvement. Hence, systems doc-
umenting hoof health have been established in several countries,
including the Nordic countries and the Netherlands, and the records
are used for genetic evaluation (Heringstad et al., 2018).

In Japan, records of hoof disease treatment are collected by veteri-
narians. However, the data cannot be used for genetic evaluation
because the aggregation methods and formats used are not standard-
ized for each region, making direct selection of hoof disorders difficult.
In such cases, indirect selection methods are considered. For example,
indirect genetic improvement methods through locomotion or lameness
scoring have been investigated in other countries. The heritability of
these traits is estimated to range between 0.03 and 0.14, and a favor-
able genetic correlation with hoof disorder can be estimated (Chapinal
et al,, 2013; van der Linde et al., 2010; Weber et al., 2013). However,
these methods have some limitations, such as the inability to record the
data of individual animals repeatedly and labor-intensive procedures
(Heringstad et al., 2018; Weber et al., 2013). Therefore, establishing a
system that frequently collects large-scale data about hoof health status
and developing evaluation indicators that can be easily recorded are
necessary (Abdelsayed et al., 2017).

We focused on the “coronet score,” which can easily determine
the health status of a hoof. The coronet score has been used as a hoof
health indicator in the Japan Dairy Herd Improvement Program. The
scale ranges from 1 (normal) to 5 (severe) and is assigned on the basis of
the degree of redness and swelling around the hooves. Coronet scores
are recorded at a monthly test day, and these large-scale data could be
utilized in genetic improvement programs. However, the genetic char-
acteristics of the coronet scores and the possibility of genetic evalua-
tion of hoof health using test-day (TD) records have not yet been
investigated. Therefore, the objectives of this study were to develop a
model for genetic analysis of coronet scores by clarifying nongenetic
factors and to estimate genetic parameters. The findings of this study

could provide novel insights into strategies for improving hoof health.

2 | MATERIALS AND METHODS

2.1 | Ethics statement
Institutional approval for animal experiments was not required for this
study because the data used for analysis were obtained from existing

databases.

2.2 | Data collection

Monthly TD records of Holstein cows collected by the Livestock
Improvement Association of Japan (LIAJ) from April 2014 to
November 2021 were used in this study. Coronet scores were
recorded by the milk-recording supervisor or farmer. Coronet scores
were determined on a scale of 1 to 5 (1 = no skin redness or swelling;
2 = mild skin redness; 3 = mild skin redness and swelling; 4 = severe skin
redness and large swelling; 5 = severe skin redness, large swelling, and
disorders such as hunched posture), considering the degree of redness
and swelling around the coronary band, dew claw, and heel bulb of
the hind hoof. Hind limbs were scored because hoof disease occurs
more often in the hind than in the fore limbs (Chapinal et al., 2013;
Pérez-Cabal & Charfeddine, 2015). If the scores differed between the
left and right feet, the higher score was used. In this study, scores
4 and 5 were combined with score 3, which indicates the need for
attention to hoof health, because the proportion of scores 24 was
extremely low. Thus, we defined the coronet score as an ordered cat-
egorical trait with three categories (scores 1, 2, and 23). To ensure
that records were collected appropriately, records were extracted
from herds with at least 3 years of recording for first-to third-parity
cows and with at least one record of a score 23. TD records from 6 to
305 days in milk (DIM) of the first, second, and third parities were
included, with ages at calving of 18-35, 30-55, and 42-75 months,
respectively. Each lactation period had at least three records, including
at least one record for early (6-105 DIM), mid (106-205 DIM), and late
(206-305 DIM) lactation. There were at least two cows for each herd-
test-day (HTD). Cows with unknown parents and two or more different
herd records for the same cow were removed. The final dataset com-
prised 1,598,878 records of 94,951 cows collected from 1280 herds in
28 prefectures. Table 1 shows herd classification by herd size and hous-
ing system. Significant changes were not observed in the frequency of
the coronet scores compared with those in the dataset before editing.
Pedigree information used for the genetic analysis was provided by the
Holstein Cattle Association of Japan, included 216,416 individuals going
back three generations from animals with coronet score records.

2.3 | Statistical analysis

The following mathematical model was used to examine environmen-

tal effects on coronet scores,

TABLE 1 Cross-tabulation of herd size and housing system for
the 1280 herds used in the analysis.

Herd size
<100 cows >100 cows
Housing system Tie stall 864 111
Free stall 96 89
Free barn 58 58
Other 2 2
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Yijkimn = 1+ Hi +HS; + PA + M + LSt + €jjkimn

where yjm, is the observation of a three category coronet score
(score 1, 2, and 23), u is the overall mean, H; is the i th herd size effect
(i =1 or 2; <100 and >100 cows), HS; is the j th housing system
effect (j = 1 to 4; tie stall, free stall, free barn, and other systems), PA,
is the k th parity-age of calving group effect (k = 1-82; 18-22, 23, 24,
... 41, 42, and 43-45 months for first parity; 30-34, 35, 36, ... 59, 60,
and 61-65 months for second parity; and 42-46, 47, 48, ... 75, 76-
79, and 80-85 months for third parity), M; is the | th test month effect
(I = 1 to 12; January to December), LS,, is the m th lactation stage
effect (m = 1 to 10; 6 to 305 DIM were classified every 30 days), and
ejiimn i the random error. Least square analysis based on sum of
squares (Type lll) and calculation of least square means were per-
formed in R Studio® (R version 4.1.2) using the “car” and “lsmeans”
packages, respectively. Based on the results, two models for genetic
analysis were generated. The herd effect explains not only the con-
temporary group effect but also the herd size and housing system
effect. A linear model that considered HTD or herd-test-year (HY) as a
fixed effect was developed. The variance components were estimated
by applying these two models. The models are as follows:
HTD model

Yijimn = HTD; + PA; 4- LS + U 4 pery + €jjimn

HY model

Yijimn = HYi & PA; + My + LS| + U + pem + Ejjkimn

where Yjjm, and yjumn are the observations of a three-category coro-
net score (score 1, 2, and =3), HTD; is the fixed effect of the i th HTD
(i = 1-86339) for the HTD model, HY; is the fixed effect of the i th
HY (i = 1-8535) for the HY model, PA; is the fixed effect of the j
th parity-age group (j = 1-82), My is the fixed effect of the kth test
month (k = 1-12), LS, is the fixed effect of the I th lactation stage
(I = 1-10), uy, is the random additive genetic effect, pe,, is the random
permanent environmental effect, and ejm, and ejymn is the
random error. Goodness of fit was assessed using the deviance infor-
mation criterion (DIC) (Spiegelhalter et al., 2002).

Estimates of the variance components were calculated using the
Gibbs sampling method in the GIBBSF90+ program (http://nce.ads.
uga.edu/wiki/doku.php?id=readme.gibbsf90plus). The number of iter-
ations was set to 100,000, and the first 50,000 samples were dis-
carded as burn-in. The latter 50,000 samples were kept at
10 intervals, and the posterior mean, standard deviation, and 95%
highest probability density interval for each parameter were calcu-
lated. Convergence was visually confirmed using trace plots (Figure 1).
Heritability (ﬁz) and repeatability (rep) were calculated using the fol-
lowing formulae:
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FIGURE 1 Time-series plots for estimating additive genetic
variance using the herd-test-day model. The number of iterations was
set to 100,000, and the first 50,000 samples were discarded as burn-
in. The arrows indicate 5,000 samples stored at every 10 intervals of
the latter 50,000 samples.
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FIGURE 2 Frequency of the coronet scores. The frequencies of
coronet scores of 4 and 5 were very low. In subsequent analysis,
scores 23 were combined and defined as 3-scale (score 1, 2, and 23)
categorical traits.

where 52 is the posterior mean of additive genetic variance, Ese is the
posterior mean of permanent environmental variance, and 35 is
the random residual variance. The HTD model was a better fit than
the HY model and, therefore, estimates of genetic parameters based
on the HTD model were used to calculate the EBV using the
BLUPF90+  program  (http://nce.ads.uga.edu/wiki/doku.php?id=
readme.blupf90plus). Furthermore, the EBVs of 94,951 cows with
records and 739 sires with 215 daughters with records were averaged

by birth year to determine genetic trends.
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3 | RESULTS

3.1 | Frequency of coronet scores

The frequency of the coronet scores used in this study was highest
for score 1 (healthy) and decreased as the score increased (Figure 2).
The frequency of score 1 decreased as the number of parities
increased, and the frequency of score 2 was similar for all parities. For
higher scores (scores 3-5), the frequency was higher for later parities.
This indicates that hoof health worsens as parity progresses. The fre-
quency of each score was approximately 45%-51% for score 1, 35%
for score 2, 12%-17% for score 3, 0.5%-2.5% for score 4, and 0.1%-
0.5% for score 5. In this study, scores from 3 to 5, which require
attention to hoof health, were combined and analyzed as a three-level

categorical trait—scores 1, 2, and >3.

3.2 |
selection

Analysis of environmental factors and model

All factors considered by the least square analysis were significant
(p < 0.001). In terms of herd size, the scores were higher in small than
in large herds (Figure 3a). Among the housing systems, the scores were
higher in tie stalls than in free stalls or barns (Figure 3b). In the parity-
age group, the scores increased with age for each parity (Figure 3c). In
terms of the test months, the scores were significantly higher from
August to November than from January to May and December,
although the difference between the levels was marginal (Figure 3d). In
terms of the lactation stage, the differences between levels were small
but were significantly higher from early to mid-lactation (Figure 3e).
The estimated variance components, heritability, repeatability,

and DIC values for each model are presented in Table 2. Estimates of
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FIGURE 3 Least square mean (LSM)
of each environmental factor: (a) herd
size, (b) housing system, (c) parity-age,
(d) test month, and (e) lactation stage.
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additive genetic and permanent environmental variances were similar
between the HTD and HY models. Contrastingly, the estimated resid-
ual variance and DIC were smaller in the HTD than in the HY model.
Additionally, the correlation coefficient between EBV based on the
HTD and HY models was high (0.98) for both sires with 215 daughters
and cows with records (Figure 4). Based on these results, breeding
values were estimated using the HTD model that can comprehen-

sively consider nongenetic effects on the TD.

3.3 | Genetic parameters and trends

In the analysis using the HTD model, the heritability of the coronet score
was estimated to be 0.027, and the repeatability was estimated to be
0.368 (Table 2). Genetic trends in sires and cows were determined by
plotting average EBV of coronet scores by year of birth (Figure 5). The
genetic trends of sires exhibited a gradual decrease until 2008, followed
by an increase from 2009 onwards. Similarly, the genetic trend of cows
showed a slight decrease from 2008 to 2014, followed by an increase
from 2015 onwards. These results indicate that coronet score is a heri-

table trait, with a recent trend of genetic deterioration.

4 | DISCUSSION
The coronet score can be used as an effective indicator for the inci-

dence of hoof disorders and lameness. The frequency of the coronet

TABLE 2 Posterior mean (mean), standard deviation (SD), and
95% highest posterior density interval (95% HPD) of parameters for
the coronet score and deviance information criterion (DIC) from the
herd-test-day (HTD) and herd-year (HY) models.

95% HPD
Parameters  Mean SD Lower Upper DIC
HTD model 759,888
52 0.0036 0.0003 0.0030 0.0041
gge 0.0458 0.0004 0.0452 0.0465
52 0.0848 0.0001 0.0846 0.0849
hy 0.027 0.002 0.022 0.031
rep 0.368 0.002 0.366 0.371
HY model 1,198,532
2 0.0030 0.0003 0.0025 0.0035
age 0.0416 0.0003 0.0410 0.0422
52 0.1174 00001 0.1171 0.1176
Hz 0.018 0.002 0.015 0.021
rep 0.275 0.001 0.272 0.277

Note: Models applying HTD or HY model as contemporary group effects
were compared.

Abbreviations: 83, estimates of additive genetic variance; SEe, estimates of
permanent environmental variance; Gg, estimates of residual variance; ﬂz,

estimates of heritability; rep, estimates of repeatability.
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scores was consistent with that of the 5-scale lameness score
reported by Weber et al. (2013). In this study, the frequency of score
>4, which usually indicates the requirement of veterinary treatment,
was approximately 0.6%-3.0%. This incidence was consistent with
the hoof disorder prevalence of 2.0% observed by farmers in Holstein
first-calving cows in the Hokkaido region of Japan (Hagiya
et al., 2014). In contrast, previous studies have reported that the inci-
dence of hoof disorders detected by hoof trimmers can be as high as
70% (Pérez-Cabal & Charfeddine, 2015; van der Linde et al., 2010;
van der Waaij et al., 2005). It has been highlighted that compared to
hoof trimmers, farmers, and veterinarians are able to detect only seri-
ous cases of hoof disorders and that mild cases may be overlooked
until they become serious (Heringstad et al., 2018). In fact, hoof disor-
ders may occur more frequently than farmers and veterinarians diag-
nose. In this study, the combined frequency of scores 3-5, which
require attention for hoof health through treatment and improving
diet management, was approximately 13%-20%. This result indicates
that the coronet score can also be used to detect milder hoof disor-
ders. Coronet score is a useful indicator because it can effectively
indicate even milder hoof disorders and allows for data collection on a
larger scale.

Coronet scores were high in herds of <100 cows and in tie stalls.
A relationship between herd size and housing system was identified
(Table 1); herd size tended to be smaller in tie stalls. Cook and
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FIGURE 4 Correlation between estimated breeding values (EBVs)
from the herd-test-day (HTD) and herd-year (HY) models: (a) in

739 sires that had 215 daughters with coronet score records, and (b) in
94,951 cows with coronet score records.
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FIGURE 5 Mean estimated breeding value (EBV) coronet score
by year of birth for 739 sires that had 215 daughters with coronet
score records, and 94,951 cows with coronet score records.

Nordlund (2009) stated that tethered cows are more likely to be
restricted in their lying behavior than free-ranging cows, which is one
of the risk factors that leads to an increase in lameness. In addition,
when measuring coronet scores, it is relatively easy to observe indi-
vidual cows in small herds or tie stalls but not in large herds or free
stalls and barns, which may have resulted in an underestimation of
the scores. Contrastingly, in the free-range conditions, coronet scores
were lower in the free barns than in the free stalls. Free barns can
reportedly contribute to a reduction in the incidence of hoof disorders
compared to free stalls in terms of the floor surface (hardness, slipper-
iness, etc.) and ease of lying behavior (Solano et al., 2015; Somers
et al., 2003; Webster, 2002).

Coronet score increased with parity and age. The effects of parity
and age on the occurrence of hoof disorders can be explained by age-
related changes in body shape and accumulated damage to the hoof
(Koenig et al., 2005; Sogstad et al., 2005). Hoof damage is irreversible,
and cows that experience hoof disorder at a young age are more likely
to show recurrence in later parities (Hirst et al., 2002; Koenig
et al., 2005). Previous studies have reported that cows with three or
more parities exhibit higher incidence rates of hoof diseases (sole
ulcers and white-line disease) and lameness than do younger cows
(Chapinal et al., 2013; Koenig et al., 2005; Weber et al., 2013).

Analysis of test month results showed that coronet scores were
higher from August to November, but the effect was less than that of
other factors. Seasonal environmental changes are risk factors for
hoof diseases (Pérez-Cabal & Charfeddine, 2014). Particularly,
extended standing time and acidosis due to heat stress negatively
impact hoof health, and the incidence of hoof diseases increases from
summer to autumn (Cook et al., 2007). To clarify the effect of season
on coronet score, more detailed studies are necessary, including sea-
sonal management and heat stress.

The effect of lactation stage was also small, but coronet scores
increased from the early- to mid-lactation stage. The incidence of cer-
tain hoof disorders has been reported to be highest during early lacta-
tion (Buch et al., 2011; van der Waaij et al., 2005; Weber et al., 2013).
Collard et al. (2000) indicated that a negative energy balance during

early lactation affects hoof health in later stages. Our results show
that the hoof health tend to be serious from the early- to mid-
lactation stage because of the negative energy balance and recover in
the late lactation stage as the energy balance become positive.

Generally, HTD model is used to analyze TD records, such as milk
production traits. In the HTD model, a small number of records per
HTD class may result in an inappropriate estimation of the HTD
effect. Because the HY class contains more records compared to
HTD, we conducted an analysis using the HTD and HY models and
compared the results. Estimates of additive genetic and permanent
environmental variances were similar between the HTD and HY
models. The estimated residual variance, and DIC were lower in the
HTD model. For TD records, it has been reported that the residual
variance was reduced by applying the HTD effect (Strabel &
Szwaczkowski, 1999), consistent with the results of this study. The
correlation coefficient between the EBV estimated by the two models
was high (0.98) for both sires with 215 daughters and cows with
records. Based on these results, we applied a HTD model to the TD
record of coronet scores, because the model better accounts for non-
genetic effects at the TD. It should be noted that, the data we used in
this study included both repeated records within and across lacta-
tions. We conducted the analysis with repeatability model assuming
genetic and permanent environmental correlations within and across
lactations to be one. Actually, it is possible that the genetic correlation
between lactations was <1 or that there was variation in genetic vari-
ance during lactation. In the genetic analysis of coronet score, there is
potential to consider more advanced TD models, such as random
regression models that could explain the changes in variance within
and between lactations.

The heritability of the coronet score estimated using the HTD
model was 0.027, indicating that the coronet score is a heritable trait.
Although there are no reports on the heritability of the coronet score,
reports on hoof disorders and lameness and locomotion scores are
available. Previous studies have revealed an estimated heritability of
hoof disorders ranging from <0.01 to 0.14 using a linear model (Pérez-
Cabal & Charfeddine, 2015; van der Linde et al., 2010; van der Spek
et al., 2013; van der Waaij et al., 2005). Other studies have reported
an estimated heritability ranging from 0.03 to 0.14 for locomotion
score or lameness studied as auxiliary traits for indirect evaluation of
hoof disorders (Chapinal et al.,, 2013; van der Linde et al., 2010;
Weber et al., 2013). The estimated heritability of the coronet score is
considered reasonable, as it is within this range.

Direct records, such as diagnostic records of hoof disorders, are
important for efficient genetic improvement of hoof health (Koenig
et al., 2005; van der Linde et al., 2010). Nevertheless, it is generally
difficult to widely collect diagnostic records, and locomotion or lame-
ness scores have been studied as auxiliary traits for indirect evalua-
tion. However, because the locomotion score is part of the
conformation assessment, which is generally measured only once
after the first calving, it is not possible to repeatedly record each indi-
vidual. In Japan, locomotion scoring is limited to free-stall herds, and it
is not possible to repeatedly record each individual within a single lac-

tation. Lameness scoring also has the issue of requiring space and
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effort to make each animal walk a certain distance when measuring
(Heringstad et al., 2018; Weber et al., 2013). By contrast, the coronet
score has advantages in that it is easy to determine by simply
observing the external appearance. Furthermore, as the coronet score
is collected by the Japan Dairy Herd Improvement Program, it allows
large-scale data collection and repeated records collection within and
across lactations. We conclude that the use of coronet score for
genetic evaluation is effective in Japan, owing to lack of records on
hoof health.

Genetic trends in coronet scores suggested a genetic deteriora-
tion in coronet scores. The genetic trends of the coronet score in bulls
exhibited a slight decline until 2008 but increased from 2009
onwards. Similarly, cows exhibited a slight decline in coronet score
from 2008 to 2014 but an increase from 2015 onwards. A genetic
response was confirmed, as cows followed the genetic trends of bulls.
This suggests the importance of genetic improvement in enhancing
hoof health. In this analysis, more than half of the sires were imported
bulls (data not shown). The imported bulls might have contributed to
the genetic deterioration of the coronet scores, but due to the com-
position of the dataset used in this analysis, the ratio of Japanese bulls
is very low in recent years, so it is difficult to compare and discuss in
detail about the effect of imported and Japanese bulls. Concerns have
been raised about the impact of the increased frequency of imported
bulls on genetic improvement in Japan, and we need to continue to col-
lect data and monitor closely. In Japan, the Nippon Total Profit (NTP)
selection index is used for genetic selection to improve lifetime produc-
tivity. Since 2000, the NTP has included feet and legs as conformation
traits, which may have contributed to genetic improvements in hoof
robustness and therefore health. If this is correct, genetic improvement
of hoof health will continue through selection with NTP. However, pre-
vious studies have suggested that indirect selection for hoof health
using only conformation traits is inefficient (Chapinal et al., 2013;
Heringstad et al., 2018; van der Linde et al., 2010). The coronet score
provides more direct information about hoof health; accordingly, the
use of the coronet score may be effective in improving hoof health in
breeding. To improve hoof health more effectively, including both coro-
net score and conformation traits in the NTP might be useful. The
genetic relationship between coronet score and conformation traits is
unclear and requires further investigation.

In this study, we investigated nongenetic factors that influence
the coronet score and developed a genetic analysis model. We also
estimated genetic parameters of the coronet scores and found them
to be heritable. The coronet scores indicated a genetically deteriorat-
ing trend, suggesting the importance of genetic improvement in hoof
health. Genetic improvement of hoof health requires a large-scale sys-
tem for collecting data on hoof health. Coronet score is an indicator
of hoof health, and extensive data collection has been conducted.
Additionally, the coronet score can easily be used to determine hoof
health and can be recorded repeatedly; therefore, it is more useful
than other hoof disease-related traits (such as locomotion or lameness
scores) for genetic improvement of hoof health. Overall, we demon-
strated the potential of using coronet scores for the genetic improve-

ment of hoof health in Japan, where a large-scale record system for

- 7078
[ Science Journal SAA4 LEyL7*®

hoof diseases has not been available in the breeding program in dairy
cattle.
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