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Abstract

:

Simple Summary


In this study, 24 first-lactation Holstein cows were evaluated to investigate how different levels of diet-induced subacute rumen acidosis (SARA) during early lactation (up to 70 days in milk; DIM) affect claw health. Claw health was monitored by recording claw lesions at three hoof trimming visits (before calving, at 70 DIM, and three months thereafter), and by assessing locomotion scores (LCS) 1 to 5 at two-week intervals. An intraruminal sensor monitored pH continuously, enabling the determination of the number of days the cows experienced SARA (pH below 5.8 for more than 330 min in 24-h), which allowed us to derive a severity index for SARA. In this manner the cows were assigned to three groups retrospectively: light, moderate, and severe SARA. A statistically significant increase in lameness incidence was observed when comparing light and severe SARA groups, but no effect was observed on LCS and claw lesion prevalence.




Abstract


This study aimed to evaluate the effects of diet-induced subacute rumen acidosis (SARA) severity during transition and the early lactation period on claw health in 24 first-lactation Holstein heifers. All heifers were fed a 30% concentrate (in dry matter) close-up ration three weeks before calving, then switched to a high-concentrate ration (60% dry matter), which was fed until the 70th day in milk (DIM) to induce SARA. Thereafter, all cows were fed the same post-SARA ration with around 36% concentrate in dry matter. Hoof trimming was performed before calving (visit 1), at 70 (visit 2) and at 160 DIM (visit 3). All claw lesions were recorded, and a Cow Claw Score (CCS) was calculated for each cow. Locomotion scores (LCS 1–5) were assessed at two-week intervals. Intraruminal sensors for continuous pH measurements were used to determine SARA (pH below 5.8 for more than 330 min in 24 h). The cluster analysis grouped the cows retrospectively into light (≤11%; n = 9), moderate (>11–<30%; n = 7), and severe (>30%; n = 8) SARA groups, based on the percentage of days individual cows experienced SARA. Statistically significant differences were found between SARA groups light and severe in terms of lameness incidence (p = 0.023), but not for LCS and claw lesion prevalence. Further, the analysis of maximum likelihood estimates revealed that for each day experiencing SARA, the likelihood of becoming lame increased by 2.52% (p = 0.0257). A significant increase in white line lesion prevalence was observed between visits 2 and 3 in the severe SARA group. The mean CCS in severe SARA group cows were higher at each visit compared to cows in the other two groups, but without statistical significance. Overall, this is the first study indicating that first-lactation cows fed a similar high-concentrate diet but with a higher severity of SARA tended to have poorer claw health, albeit with only partial statistical evidence.
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1. Introduction


Lameness in dairy cows is frequently associated with painful claw lesions, which significantly affect animal welfare and production performance [1,2,3]. Claw disorders are responsible for approximately 85% of lameness in dairy cows [4]. However, not all claw lesions are associated with a clinically detectable lameness [1,5,6]. Based on their etiology, a distinction is made between (1) claw lesions resulting from excessive load to the corium from inside as a result of hemorrhages and bruising of the corium, when the pedal bone descends due to laminitis, and from outside, (2) infectious claw diseases, and (3) claw lesions/claw deformations resulting from excessive sole horn abrasion or predominantly from a distinctive genetic background [1,7,8,9,10]. Claw horn disruption lesions (CHDLs) include sole hemorrhages, double soles, concave dorsal walls, sole ulcers, toe ulcers, white line lesions/abscesses, and horn fissures, which can be caused by laminitis (subclinical, subacute, acute), but also by excessive load from outside due to prolonged standing time, overstocking, too long hoof trimming intervals, hard flooring surfaces, etc. [1,7,8,9,10,11,12].



Breeding progress in dairy cows over recent decades has led to a large increase in milk yield [13], which has tremendously increased animal energy and nutrient requirements. This is especially true during early lactation, when cows are typically fed diets rich in concentrates to support performance while alleviating the energy deficit. Yet, the benefits of large amounts of concentrates in the diet of dairy cattle come at the expense of physically effective fiber, which is necessary to maintain rumen health [14,15,16]. Not surprisingly, this feeding practice has been associated with an increased incidences of subacute rumen acidosis (SARA), and the latter has often been suggested to increase the risk of lameness in cows [17,18,19,20,21,22].



In particular, first-lactation cows experience greater metabolic and nutritional stresses during early lactation. These cows are burdened with their first parturition and being milked for the first time, and thus must consume much more dry matter (DM) to meet their increased energy demands. They are also frequently rehoused in a new group with older cows [11,15,23,24]. In addition, first-lactation cows are often not accustomed to a ration that contains high levels of rapidly fermentable carbohydrates such as starches and sugars. In heifers in late gestation, the rumen papillae are comparably shorter and less numerous, and the microbiome has a different composition than in multiparous cows [15,25,26,27]. Studies have also shown that primiparous cows have a longer-lasting drop in rumen pH than multiparous cows, resulting in a higher risk for developing SARA [27,28].



Research over recent years has repeatedly shown that even with the same high-concentrate diet, ruminal pH drops, and the SARA responses of cows are highly variable; so, cows show different susceptibilities to SARA [27,29]. SARA has been defined as occurring when the pH is less than 5.8 for longer than 330 min/d [28], and the frequency of this pH drop indicates the severity of SARA [14]. The severity of SARA has been linked to an increased release of endotoxins in the rumen [14], which after being translocated into the systemic circulation may enter the small dermal blood vessels of the claws, and induce circulatory disturbances, inflammation, and ischemia [8,30,31]. This event weakens the corio-epidermal suspension of the pedal bone in the horn capsule. Thus, the large body weight of the cow causes sinking of the pedal bone with associated hemorrhages and circumscribed bruising of the corium. This particularly occurs underneath the flexor tubercle. In the medium term, these processes result in impaired horn production and the development of CHDL and a concave dorsal wall [8,12,30,31,32].



The objective of this study was to evaluate the effects of the different severities of SARA induced by high-concentrate feeding during early lactation on various parameters of claw health in first-lactation Holstein cows. SARA severity rating was based on the number of days individual cows exhibit SARA as measured by continuous monitoring of their intraruminal pH by a sensor. The underlying hypothesis was that the severity of a high-concentrate diet-induced SARA (i.e., the number of days that different cows experienced SARA) will modulate the development of laminitis and thus result in the deterioration of claw health in first-lactation Holstein cows.




2. Materials and Methods


This study was part of a large research project approved by the Austrian Federal Ministry of Education, Science and Research (GZ: 2021-0.009.975). The present study was discussed and approved by the institutional ethics and animal welfare committee of the University of Veterinary Medicine Vienna in accordance with GSP guidelines and national legislation (ETK-037/03/2021).



2.1. Animals and Housing


The study was conducted on 24 preselected Holstein heifers of the same genetic background (confirmed by genotyping), age, and body weight (699 ± 81.5 kg BW and 27.1 ± 2.39 months of age at the first visit) for a larger research project, which was designed as a feeding trial conducted from three weeks before calving until 70 days in milk (DIM). For this study, the heifers were monitored for claw health starting from eight weeks before calving until 70 DIM, when the cows had finished the main feeding trial. The heifers calved in groups between March and September 2021, and the calving process proceeded without complications for all animals.



During the entire study period, the 24 animals were kept in a separated area of the loose housing barn of the research dairy farm of the Vetmeduni VetFarm (Pottenstein, Austria). There were 15 cubicles (each 2.6 m × 1.25 m) available, which were designed as deep pens with straw and manure mattresses with fresh straw bedding twice per week. The cubicle partitions were flexible and the “neck tube” was designed as a chain, which offered a clearance of approximately 25 cm. In addition to the 15 cubicles, the animals had free access to a large deep bedding area (15.7 m × 8.1 m) with a thick layer of long straw. The walkways were rubber-matted and cleaned of manure ten times per day using scrapers. The deep straw area was replenished twice a week with fresh straw, and it was also renewed every three weeks. For milking, the cows were driven about 50 m to the milking parlor twice per day via a concrete run. Foot baths were not used in this herd.



The feeding alley was equipped with feed troughs (RIC HOKO-Farm; Emmeloord, NL). The heifers calved in the deep straw area of the barn compartment. Prior to the start of the feeding study, all 24 pregnant heifers had been kept together for a period of five months in the separate dry cow barn of the VetFarm, which was also equipped with a large deep litter area and rubber mats at the feeding alley.



After the end of the feeding study at 70 DIM, the cows were integrated into the remainder of the herd at the farm where the walkways were equipped with rubber mats, and where the cows also had deep pens with straw and manure mattresses with fresh straw bedding twice per week. Further, the cows had access to a concrete run and to concrete floors in the milking parlor waiting area.



The average milk yield of the 24 Holstein cows during the first lactation was 10,500 kg, with 3.78% fat and 3.24% protein.




2.2. Feeding Regime


The research project’s feeding protocol was designed to feed heifers an all-forage diet during pregnancy and switch them to a close-up ration with a concentrate level of 30% in the DM as total mixed ration (TMR) three weeks before expected calving to provide enough energy and nutrients for the pregnant heifers [33].



After calving, all cows were fed an early lactation TMR, rich in concentrates (60% DM), to induce a SARA challenge. To avoid potential cases of acute acidosis, the proportion of concentrate was gradually increased from 30 to 60% within the first week postpartum. This high-concentrate diet was fed to all cows until 70 DIM and was termed the “SARA ration”. Thereafter, the SARA ration diet was discontinued, and cows were fed a TMR with 36% concentrate in the DM (termed post-SARA ration), as per normal feeding management regulations of the farm, to provide sufficient energy, physically effective fiber, and other nutrients. The ingredients and compositions of all diets are shown in Table 1.



The TMRs were prepared daily with a Trioliet feeding robot (Trioliet Feeding Technology, Oldenzaal, NL) and the ration was offered fresh to the cows twice daily at approximately 10:30 am and 4:00 pm to assure ad libitum intake, aiming at a target of 5–10% feed residuals. Feed refusals were collected in the morning before offering the new fresh feed and discarded.




2.3. Measurement of Intraruminal pH and Classification of Cows Based on SARA Severity


As part of the protocol of the original research project, the cows were administered a wireless rumen bolus (pH Plus Bolus SX-1042A, smaXtec® animal care GmbH, Graz, Austria) approximately four weeks before their expected day of calving. This device continuously measured the rumen pH. Measurement data, which were transmitted continuously at 10-min intervals, enabled determination of the period during which the pH was below a threshold value of 5.8. If the pH was below 5.8 for more than 330 min within 24 h, that day was considered a SARA day [28]. The number of SARA days was related to the total duration of the feeding trial of 91 days (close-up plus SARA diet feeding).



Classification of SARA severity was performed retrospectively based on the percentage of the days the cows experienced SARA, as the duration of SARA has been related to its severity [14,28]. For the classification, the data of the percentage of the days with SARA underwent a cluster analysis using the procedures of distance (PROC DISTANCE) and cluster (PROC CLUSTER) in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). First, the procedure distance computed the distance matrix of the percentage days of SARA among cows, called the Euclidian distances. The proximity measure was computed using the respective standard deviation. Thereafter, the cluster procedure performed a Ward’s minimum-variance cluster analysis based on the distance matrix created before by the proc distance. The heights of the dendrograms were specified using the R2 method (0 to 1 with 1).




2.4. Locomotion Scoring


Starting two weeks before the expected date of parturition, all animals were subjected to a gait assessment at two-week intervals according to the locomotion scoring system of Sprecher et al. [34]. This was performed by one and the same trained evaluator. Relief posture, relief movement and the back line were assessed in each animal while standing and walking and scored to give a locomotion score (LCS) 1–5. LCS 1 corresponds to a bovine free of lameness and LCS 5 corresponds to a bovine that is not weightbearing a limb to any extent [34]. Locomotion scoring in cows was performed either while walking to the milking parlor or while walking in the separated barn area. The evaluator was blinded to ruminal pH and SARA data throughout the study.




2.5. Hoof Trimming Time Points and Documentation of Claw Lesions


All 24 heifers were subjected to a first functional hoof trimming episode eight weeks before the expected calving date. The second and third functional hoof trimmings were performed on all cows immediately after the end of feeding the SARA ration (at 70 DIM) and three months later (at 160 DIM). Cows exhibiting lameness (LCS ≥ 2) during the observation period were immediately examined and adequately treated by three trained veterinarians, who were blinded to the ruminal pH or the severity of SARA data. Evaluation of claw health at visit 3 (three months after the end of SARA ration) was performed to evaluate any potentially delayed effects of SARA or high-concentrate diet on claw health. During the post-SARA diet feeding, no further risk of SARA was expected [16].



All claw lesions observed during the three hoof trimming visits were electronically documented using the program “Klauenmanager” (SEG Informationstechnik GmbH, Bad Ischl, Austria). The program offers the capacity to calculate a claw health score (called “Cow Claw Score”, CCS) for each cow, which is determined by the integrated software from all documented claw lesions and their severity scores (score 1, 2 and 3) from all eight claws [35,36]. Definitions and descriptions of non-infectious claw lesions and infectious claw diseases and their three severity scores are integrated in the “Klauenmanager” program for all users, and they have also been published [35]. Table 2 displays the three severity scores of each claw lesion, except for certain single lesions, along with their assigned geometric severity scores. The severity scores were determined using internationally harmonized terminology based on the ICAR Claw Health Atlas and its appendices [37,38,39], as well as methods described in the previous literature [35,36,40,41], and recently extended by researchers from Berne, Switzerland (A. Steiner, C. Syring; personal communication).




2.6. Statistical Analyses


Most of the statistical analyses were performed with the program IBM SPSS® Statistics for Windows, version 28.0 (IBM Corp., Armonk, NY, USA). For all documented claw lesions in these animals, the respective prevalence in percent at claw level was calculated as the proportion of affected claws to the sum of all claws from all cows within a SARA severity group. Mean, standard deviation, minimum and maximum values of LCS for each cow over the observation period were computed.



Lameness incidence was computed for each SARA group using the following formula: new cases of lameness at every gait assessment (n = 7) divided by the total number of eight cows per SARA group. Each lame cow at these time points in the two-week intervals was classified as a “new” case. The odds of various factors causing lameness based on the measured variables of SARA were tested with the logistic procedure (PROC LOGISTIC) of SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). A model with a forward selection method was used to evaluate all potential influencing factors (i.e., dry matter intake of concentrate or overall dry matter intake), by selecting only those showing a significant effect (p < 0.05). Odds ratio (OR) estimates and the respective profile likelihood confidence intervals (CI) were evaluated. The UNITS statement was used to specify units of change for the continuous explanatory variable, enabling customized OR estimations. The analysis of maximum likelihood estimates was performed in Proc logistic to evaluate the effects of continuous explanatory variables (i.e., Wald Chi-Square test), and to compute the Wald CI and the predicted probability of lameness occurrence (i.e., using the option PLOTS = EFFECTS). The receiver operating characteristic (ROC) curve with the area under the curve (AUC) were also computed.



The comparison of the three SARA groups within the three hoof trimming visits in terms of the number of claws with claw lesions and means of LCS and lameness incidence was executed using Kruskal–Wallis H-tests and multiple comparisons with Bonferroni’s alpha error correction. The CSS were analyzed using a linear mixed effects model, with SARA group and hoof trimming visits as fixed effects and the animal as a random effect in the model. The evaluation of the CCS values in the SARA groups and regarding the three hoof trimming visits was carried out on the one hand in relation to each hoof lesion with the associated CCS, and on the other hand with the sum of all CCS values for each SARA group and each time point.



All multiple comparisons were performed using Sidak’s alpha correction procedure. The requirement of a normal distribution of data was proved with the Kolmogorov–Smirnov test. The proportions of observed lameness incidence within the three SARA groups were compared by applying the two-samples proportion test, performed using the program R (The R Foundation for Statistical Computing, Vienna, Austria). A p-value < 0.05 was considered significant.





3. Results


3.1. Number and Percentage of SARA Days, and SARA Severity Groups


As anticipated, the number of days SARA experienced was very different among the first-lactation Holstein cows despite receiving the same high-concentrate ration. The cluster analysis performed retrospectively allocated the 24 cows into three SARA severity groups, namely, the SARA groups light, moderate and severe, with 9, 7 and 8 cows, respectively. The results of the cluster analysis with the three groups and their relative numbers of SARA days as assessed by the ruminal pH sensors are listed in Figure 1. The cluster analysis clearly clustered nine cows into the light SARA group with ≤11% of the days with SARA separately (R2 = 0.98). The moderate SARA group was clustered separately (R2 = 0.95) including seven cows with >11–<30% of the days with SARA, though this cluster was closer to the light SARA group than to the severe SARA group (Figure 1). Eight cows of the severe SARA group with >30% of the days with SARA built their own cluster, though with higher variation (R2 = 0.75) than the other two clusters. Furthermore, in the severe SARA group, two cows (i.e., 23 and 24) experienced SARA during the entire feeding time with 60% concentrate and two or nine days of the close-up period (79.1% and 86.8% of the experimental time under SARA; Figure 1).




3.2. Lameness Incidence and Locomotion Scores (LCS)


During the study period, a total of seven gait assessments starting from two weeks ante partum were performed in the 24 animals, resulting in a total of 168 gait assessments. Only LCS 1–3 were determined, and LCS 3 was detected only once (0.6%). LCS 2 was counted a total of twelve times, twice each in the light and moderate SARA groups and eight times in the severe SARA group. Lameness incidence in the 24 first-lactation cows during the entire observation period was 7.7% (±9.2). The minimum and maximum lameness prevalence values per gait assessment per SARA group were 0.0% and 25.0%, respectively. In total, cows in the light SARA group showed a lameness incidence of 3.2%, cows in the moderate SARA group had an incidence of 6.1%, and the highest lameness incidence of 14.3% was observed in cows of the severe SARA group.



Using lameness incidences as the basis for calculation, a statistically significant difference was found comparing the light SARA group with the severe SARA group cows (p = 0.023); the differences between the other groups were not statistically significant (light SARA group vs. moderate: p = 0.324; moderate SARA group vs. severe: p = 0.056). The mean LCS of cows in the individual SARA groups were low, ranging from 1.03 to 1.14 (Table 3). Using the LCS data, no statistically significant differences were detected between the three SARA groups at any hoof trimming visit (p = 0.229), but the highest difference was between the light SARA group and the severe SARA group (p = 0.095).



The logistic regression analysis with the forward selection method revealed that the factor days with SARA was the most significant factor associated with lameness in the cows of the present study, and not concentrate intake or dry matter intake. The analysis of maximum likelihood estimates and the Wald Chi-Square test predicted an increased (p = 0.0257) likelihood of cows suffering from lameness the longer the SARA was experienced, predicting that for each day under SARA, the likelihood of becoming lame increased by 2.52% (Wald 95% CI: 0.31–4.74%). Using 20, 40, and 60 as units of change for SARA days, the odd ratio analysis predicted an OR of 1.65 (95% Cl: 1.05–2.58) for every 20 days with SARA, and the OR increased to 2.74 (1.09–6.66) after 40 days, and further to 4.54 (1.52–17.23) after 60 days with SARA, all compared with 0 days with SARA.



Figure 2 shows the probability of lameness in the cows based on the days with SARA, indicating that longer duration of SARA increased considerably the probability of cows becoming lame. Figure 3 shows the ROC curve at various decision thresholds and the AUC of the model. With around 66.9% AUC, the model has a satisfactory overall prediction power.




3.3. Type and Prevalence of Claw Lesions


The types and prevalences (at claw level) of claw lesions documented at the three hoof trimming visits in the three SARA groups are listed in Table 4. The causes of lameness episodes were double soles, white line lesions, acute digital dermatitis (DD-M2), and one single sole ulcer. This sole ulcer was diagnosed at hoof trimming before calving in a heifer in the severe SARA group.



Concave dorsal walls of the claws of all cows in the three SARA groups were only documented at hoof trimming visit 2 (i.e., at the end of the high-concentrate feeding period at 70 DIM) with a mean prevalence of 3.1%, and at visit 3 with a mean prevalence ranging from 23.4% to 28.1% (Table 4). However, statistically significant differences regarding prevalences of concave dorsal walls across SARA groups were not detected, but statistically significant differences were observed between hoof trimming visits 2 and 3 in the light (p = 0.022), moderate (p = 0.032), and severe SARA groups (p = 0.010), and between visits 1 and 3 in all three SARA groups (p = 0.040 to 0.004).



The prevalence of sole hemorrhages increased among cows in SARA groups moderate and severe over the three hoof trimming visits, but without statistically significant differences. Double soles were diagnosed most frequently in cows in the light SARA group, and their prevalence increased (p = 0.042) from 0% before the start of the study to 12.5% three months after the end of high concentrate feeding (Table 4). Thus, there was a statistically significant difference in the prevalence of double soles between hoof trimming visits in the light SARA group (p = 0.042). However, no statistically significant difference in the prevalence of double soles was detected among the three SARA groups.



The mean prevalence of white line lesions (WLL) was 8.9% in the light SARA group, 14.0% in the moderate SARA group, and 12.5% in the severe SARA group before calving. At hoof trimming visit 3, the WLL prevalence was 12.5% in cows in the light SARA group and 18.7% in both other SARA groups (Table 4). The difference in the prevalence of WLL was statistically significant within the severe SARA group between hoof trimming visits 2 and 3 (p = 0.017), whereas there were no statistically significant differences between the three SARA groups at any time point.



The number of claws with heel horn erosion (HHE) increased significantly in all three SARA groups over the hoof trimming visits, whereas no statistically significant differences were detectable among the three SARA groups, but distinctly higher HHE prevalences were observed in SARA groups moderate and severe than in the light SARA group (Table 4). Within the severe SARA group, a significant difference in HHE prevalence was found between hoof trimming visits 1 and 2 (p = 0.040), and between hoof trimming visits 1 and 3 (p = 0.038).



The highest prevalence of digital dermatitis (DD) in the 24 first-lactation Holstein cows during the observation period was 3.1% before calving and at 70 DIM (Table 4). No statistically significant differences in DD prevalence could be detected across the three SARA groups or within the SARA groups during the three hoof trimming visits.




3.4. Cow Claw Scores


The evaluation of the CCS values related to the individual claw lesions showed similar results to those presented in Section 3.3 regarding the evaluation of the prevalence of the individual claw lesions. Even with this methodology (CCS values of individual claw lesions), there were no significant differences between the three SARA groups. Again, though, statistically significant differences were observed for HHE in the light SARA group between hoof trimming visits 1 and 2 (p = 0.002) and between hoof trimming visits 1 and 3 (p = 0.005), and in the severe SARA group between visits 1 and 2 (p = 0.006) and between visits 2 and 3 (p = 0.005). Further, statistically significant differences were observed for double soles in the light SARA group between hoof trimming visits 1 and 3 (p = 0.040), and for WLL in the severe SARA group between hoof trimming visits 2 and 3 (p = 0.017).



The sum of CCS in all three SARA groups increased over the observation period from before calving to three months after the end of the feeding study (160 DIM), assuming that there was a tendency for deterioration in claw health. Further, the CCS values in the severe SARA group were clearly higher compared with those in the SARA groups light and moderate (Figure 4a,b; Table 5). At hoof trimming visit 3, the mean CCS values were higher in all three SARA groups compared to visit 1. No SARA group showed statistically significant differences (p = 0.245) from any other group within the three hoof trimming visits. However, statistically significant differences in the CCS values were found when comparing hoof trimming visit 1 with visit 3 (p = 0.005) in the light SARA group, comparing visit 1 with visit 3 (p = 0.010) and visit 2 with visit 3 (p = 0.009) in the moderate SARA group, and visit 1 with visit 3 (p = 0.001) and visit 2 with visit 3 in the severe SARA group (p = 0.037) (Figure 4a).



Similar results were observed when the CCS values were calculated without the proportional data of HHE (Table 5), because HHE is not considered laminitis-related. No statistically significant differences were found across the three SARA groups at each of the three hoof trimming visits (p = 0.889). Nevertheless, there were statistically significant differences when comparing the CCS values of hoof trimming visit 2 with those of visit 3 (p = 0.020) in the moderate SARA group, and when comparing the CCS values of hoof trimming visit 2 with visit 3 (p = 0.007) in the severe SARA group (Figure 4b).





4. Discussion


The effects of high-concentrate feeding and SARA on the claw health of dairy cows has been the subject of numerous studies [18,19,22,23,29,42,43,44]. Contrasting those reports, wherein either an oral stomach tube or ruminocentesis was used to determine rumen pH, in the present study, continuous measurement of rumen pH was performed throughout the study duration of 91 days at 10-min intervals using a sensor placed in the reticulum [45,46]. Another methodological difference in the present experiment compared to previous studies [17,18,19,22,29,44,47] is the definition of SARA. Here, we have determined the number of SARA days, which is only possible by using continuous, and therefore sensor-based, pH measurements [45,46]. According to the literature, a SARA day is defined when the pH value measured by a rumen sensor is below 5.8 for more than 330 min within a 24-h period [28]. Since the duration of SARA is of great importance in defining the severity grade of the acidotic challenge, additional to a lowered rumen pH value [15,27,28,48], the number of SARA days was set in relation to the total duration of the feeding study, and three SARA severity groups were subsequently defined.



The 24 first-lactation Holstein cows were fed a TMR during the feeding study, except during their first week after calving, when the proportion of concentrate was gradually increased from 30% to 60% of the ration DM. This was practiced to avoid the risk of acute rumen acidosis. Lack of adaptation to starchy rations is reported as one of the main risks for rumen acidosis in early lactation, and this is especially true for first-lactation cows [17,18,19,25,44,47].



To stimulate SARA conditions, the concentrate of the close-up and early lactation rations consisted mainly of barley (> 60% of the concentrate). Barley was chosen as it is fermented very quickly in the rumen and, in contrast to corn grain, contains large amounts of rumen-degradable starch. In our experiments, the barley was ground to pass a 3 mm screen using a hammer mill. This results in the formation of large quantities of short-chain fatty acids in the rumen, increasing the risk of SARA when large amounts are fed [20,49,50], as with the SARA diet in the present study.



Yet, despite being fed the same SARA diet, cows responded differently; as many as fifteen cows had >30% SARA days throughout the SARA period, while nine cows had less than 11% SARA days. Thus, as anticipated, the number of days on which rumen pH was below 5.8 for more than 330 min per 24 h [28] varied widely among the 24 cows. The exact mechanisms behind the different response of cows despite being fed the same high-concentrate ration are not yet clear. However, SARA-susceptible and SARA-resistant cows are often reported in the literature [27,29]. This study provides novel insights into the claw health of first-lactation cows exhibiting varying degrees of subacute ruminal acidosis (SARA), while being fed the same high-concentrate diet.



Interestingly, the evaluation of LCS registered at two-week intervals showed a slightly higher mean LCS for SARA groups moderate and severe in contrast to the light SARA group, but there were no statistically significant differences. Only LCS 1 to 3 were observed throughout the duration of the feeding study. However, a statistically significant difference was observed when comparing the lameness incidences of cows in the light SARA group with those of the severe SARA group (3.2% vs. 14.3%). Suspected triggers of pain for these lameness episodes encountered were double soles, WLL, acute stages of DD, and one single sole ulcer. The effective management practices implemented in this farm and in this study, which included functional hoof trimming before the first calving, as well as regular locomotion monitoring every two weeks and prompt treatment of lame cows [51,52,53], can be regarded as decisive factors for the absence of severe (LCS 4, 5) and minimal cases of moderate lameness (LCS 3) throughout the entire feeding trial. Gait monitoring of all cows in the dairy herd at two-week intervals and immediate examination and professional treatment of cattle classified only as mildly lame (LCS 2) is recommended as a very efficient preventive measure for the development of lameness in general, and particularly for the occurrence of moderate and severe locomotion scores [2,3,52,54].



In the 24 first-lactation cows, the mean lameness incidence during the first 70 DIM was very low, at 7.7%, comprising only LCS 2 and LCS 3. Several studies have shown that in first-lactation cows, the prevalence of lameness and CHDL with about 12.8% [55] is significantly lower than in multiparous cows, and that lameness prevalence in cows steadily increases with each lactation [53,55,56,57]. This is because the claws of first-lactation cows bear less weight than those of multiparous cows due to their lower body weight. On the other hand, the claws of heifers and first-lactation cows have not yet been exposed to unilateral pressure loads and negative environmental influences such as hard floors, humid housing conditions, and metabolic and thus laminitis-related events for as long as the claws of multiparous cows [8,55,56,57]. The mean lameness incidence of 7.7% without LCS 4 and 5 scores, as observed in this study, is well below ≤10%, which is reported as the norm key indicator for lameness prevalence in well-managed dairy herds [6,58,59].



In the present study, functional hoof trimming was performed at intervals of approximately four and three months, which is an unusually short interval compared to common practice in many dairy herds [60,61,62]. This management measure could also be cited as an explanation for the low prevalence of lameness and claw lesions in the 24 first-lactation cows. In the context of professional hoof trimming, the usually significantly higher heel height of the lateral hind claw is adjusted to the heel height of the medial claw, if this is at least ≥ 3 cm. This creates an approximately equal load distribution between the lateral and medial claw, but only for a period of a few weeks [60,61,62,63]. Improperly performed hoof trimming, as well as hoof trimming performed at excessively long intervals (≥six months), significantly increases the risk of pressure-related CHDLs, which are largely identical to laminitis-related claw lesions [1,31,61,64].



Since this study investigated the effect of SARA severity on claw health, it was rational to determine the prevalence of claw lesions specifically at the claw level (eight claws per cow), and not at the animal level. With the latter method, a claw lesion is only counted once, regardless of how many claws the lesion was diagnosed in [62,65]. Sole hemorrhages and double soles, and other CHDLs, develop in the context of subclinical, subacute, or acute laminitis when hemorrhage and extensive bruising of the corium occur as the pedal bone descends in the horn capsule [8,9,23,30,31]. Sole hemorrhages and double soles become externally visible on the sole surface about six to eight weeks after they occur, as the horn growth slowly advances from the innermost layers of horn cells to the outer sole horn surface. This process allows for the detection of these conditions through external examination [8,10,30]. This time-delayed hemorrhaging and bruising of the solar corium on the outer surface of the sole horn was the reason why all claws of the cows were examined even three months after study completion. Pressure on the corium vessels after pedal bone sinking is frequently exacerbated by concrete floors, prolonged standing time, and excessively long hoof trimming intervals [61,66,67,68,69]. In this context, it is important to note that the cows in this study were housed on rubber-matted floors and not on hard surfaces with flat concrete or concrete slatted floors, as is very common in dairy farms. Rubber-matted walkways provide a softer, compliant surface, thus reducing pressure damage to the claw corium [67,69]. In addition, the cows used in this study also had access to a well-bedded deep straw area and comfortable and well-maintained cubicles. All these circumstances, which are beneficial to claw health, lead to a reduction in standing time and thus overload on the sole corium [7,68]. In this context, it must be indicated that all the cows experienced the same environmental conditions throughout the entire observation period.



The prevalence of concave dorsal walls, which is considered a characteristic feature of chronic laminitis because they develop only when subclinical, subacute, or acute laminitis has resulted in sinking of the pedal bone within the horn capsule [8,30], increased to about the same extent in all three SARA groups when examined at the hoof trimming visits. However, it is noteworthy that no concave dorsal walls were observed in any cow at the first hoof trimming visit before calving, whereas at hoof trimming visit 3, the mean prevalence was between 23.4% and 28.1% in all three SARA groups, so that statistically significant differences for the prevalence of concave dorsal walls could be noticed between all the three visits in all three SARA groups.



The prevalence of WLL clearly increased over the observation period, with a prevalence of 18.7% in cows in SARA groups moderate and severe. For the severe SARA group, there was a statistically significantly higher prevalence between hoof trimming visit 1 versus visits 2 and 3 (i.e., three months after SARA challenge), indicating a delayed effect of SARA severity on claw health. Previously, a much higher prevalence of WLL at 92% has been reported in first-lactation cows [40] at the claw level, and at 87.1% in Austrian Fleckvieh heifers at the animal level [35]. In addition to feeding, other contributing factors such as excessive mechanical and traumatic stress may be causative for the development of WLL and sole hemorrhages in first-lactation cows [9,32,66]. Since the cows were integrated into the remainder of the herd at the farm after the end of the feeding study, environmental conditions in this barn compartment as well as regrouping may have also contributed to the increased prevalence of WLL [70]. The remainder of the dairy herd also had access to walkways with rubber mats, as well as to a concrete run and to concrete floors in the milking parlor waiting area. In this context, it is important to note that the prevalence of WLL is generally significantly higher in cows housed in loose housing systems than in tie stalls [41,57,71,72].



Across all three SARA groups, the prevalence of HHE was found to be the highest among all other claw lesions, ranging from 28.5% to 87.5%. Notably, at the first hoof trimming visit conducted prior to calving, the presence of HHE was already remarkably high, surpassing that of any other claw lesion. The prevalence and severity of HHE is mainly dependent upon hygienic housing conditions. Humid- and manure-soiled walking and lying areas promote the occurrence of HHE [67,73]. Thus, HHE is not considered a laminitis-related claw horn lesion [8,10]. Therefore, the geometric severity score values in the CSS evaluation for the three SARA groups were also calculated without inclusion of HHE values. HHE is not usually associated with lameness, and some HHE prevalence is unavoidable even in cows kept in well-managed loose housing [6,59,73]. The cows used in this study had dry and comfortable deep straw-bedded areas and cubicles available during the entire study period. It could also be argued that this arrangement explains the finding that there were no significant differences among the three SARA groups regarding HHE prevalence.



During the entire duration of the study, only one sole ulcer (1.56%) was diagnosed. The prevalence of sole ulcers in the 24 first-lactation cows was thus at a similarly low level to the 1.4% reported in a study of 139 Austrian Fleckvieh heifers [35].



The prevalence of DD was also not statistically significantly different among the three SARA groups, or at the three hoof trimming visits within the SARA groups, and was also very low, at only 3.1%. This low DD prevalence is striking; other authors have reported higher DD prevalence in first-lactation cows compared to multiparous cows [74,75]. As an explanation for the very low DD prevalence in this study herd, the good housing conditions, the frequent scraping of walkways, the regular locomotion scoring at two-week intervals and the immediate and adequate treatment of animals identified as lame can be cited, i.e., all of these are effective preventive measures, as recommended for herds with endemic DD infection [73,74,75].



Using the numerical claw health score called the Cow Claw Score, the claw health of individual cows can be compared more easily than by comparing the prevalence of individual claw lesions [35,36,76]. This CCS value can be calculated from all documented claw lesions and their three severity scores on all eight claws per cow by geometric weighting. Therefore, so-called “alarm diseases”, i.e., claw lesions that are always associated with pain and therefore lameness [6], are weighted significantly more heavily [35,36,41]. However, the CCS values did not show a statistically significant difference across the three SARA groups, which can be explained by the low number of animals and the overall low prevalences of the individual claw lesions. However, higher CCS values were observed in the severe SARA group than in the SARA groups light and moderate at all hoof trimming visits, albeit without statistical evidence. This could be attributed to the fact that early effects on claw health also result in SARA-susceptible cows. Another evaluation of the results shows that there were statistically significant differences for CCS values within the three SARA groups when comparing hoof trimming visit 1 with visit 3 in the light SARA group and comparing trimming visit 1 with visit 2 and visit 1 with visit 3 in the SARA groups moderate and severe, respectively. The CCS means ranged from 13.00 in the light SARA group before calving to 66.75 in the severe SARA group at hoof trimming visit 3. A claw health score per cow (CCS) ≤ 35 is thereby indicated as a good value [35,36,76]. The exclusion of proportional data of HHE, which is not considered to be laminitis-related [8,10], in the calculation of CCS values yielded comparable outcomes. Notably, statistically significant differences were observed between CCS values at hoof trimming visit 2 and visit 3 in the moderate and severe SARA groups.



Other favoring factors, which are not directly SARA-related but play an additional role in the development of CHDL, include the parturition process itself, unavoidable energy and nutrient deficits in early lactation, and an associated thinning of the digital fat cushions in the claws, and thus a reduction in their shock-absorbing properties, as well as body weight gains of cows in the medium term [1,8,12,43]. However, despite unavoidable energy and nutrient deficits in cows during the 3–4 weeks after calving, the first-lactation cows in this study had no clinical health disorders, such as ketosis, except the reported lameness episodes.



A few limiting aspects must be mentioned in terms of the present study. These include the small number (24) of animals studied, which can be cited as one explanation for the lack of statistically significant differences across the three SARA groups regarding the prevalence of claw lesions and CCS values. Further, in this study, we did not have a negative control group, i.e., a group in which no cow had SARA. However, it has to be emphasized that the cows were carefully preselected for comparable genetic background, performance, age and body size, and this considerably reduced variability. Additionally, the continuous monitoring of the ruminal pH allowed for the accurate determination of SARA in all 24 cows, and the 24 cows had already been kept together in a group for five months prior to calving, which reduced the transition stress together with birth [70]. On many dairy farms, heifers are often not integrated into the dairy herd until immediately after calving, resulting in ranking fights [70]. This stress around the time of parturition and difficulties in adjusting to a new herd are important reasons for the occurrence of laminitis, along with feed conversion and the increased risk of other acute general diseases during this critical period [11,15,21,44]. Moreover, in many farms, changes of the walking surface frequently occur for the animals when they are moved to the lactating herd, which was also not true for the cows in this study.



The feeding study took place in groups at different seasons of the year, since the 24 heifers did not all calve at the same time, but rather their calving dates extended from March 2021 to September 2021. Although the distribution of the cows in different SARA groups was not affected by the calving season, the season influences the ambient temperature of the cows and thus the risk of heat stress [16,22,68]. Prolonged standing time due to heat stress, but also due to overcrowding and inadequate lying surfaces, enhances the negative effects of laminitis on claw health because it further increases the load on the claw corium [7,68,69]. In this study, temperature and humidity data were not recorded.



Another important explanation for the lack of statistically significant differences in the prevalence of individual claw lesions and CCS values between the three SARA groups could be the relatively short period of 70 days in which the starchy ration was fed. In practice, starchy rations are usually fed for much longer, and often over several lactations. Thus, cows frequently exhibit SARA over a disparately longer period [14,20,77]. This argument is also supported by the risk analysis performed, which showed that in cows, for each day under SARA, the probability of becoming lame increased by 2.52%. Repeated episodes of SARA can lead to the development of subacute or subclinical laminitis, which can ultimately progress to chronic laminitis characterized by a claw concave dorsal wall after several months [8,30]. Chronic laminitis and repeated laminitis bouts lead to morphological changes in the claw, with negative effects on horn quality and weight distribution on the claws. Thus, the risk of developing laminitis-related CHDL increases when feeding highly fermentable diets over a prolonged period and in multiple lactations [42,43,44,56,57].




5. Conclusions


Although the cows in the severe SARA group tended to have poorer claw health than those in the light SARA group, this difference could not be statistically validated in terms of overall claw lesion prevalence, LCS or CCS. However, regarding the lameness incidences, we observed statistically significant differences when comparing the light SARA group with the severe SARA group. In addition, data analysis revealed significant differences in the prevalence of double soles and WLL within the severe SARA group during the three hoof trimming visits, with significantly higher prevalences at hoof trimming visit 3. Similar statistical differences were revealed for the CCS values within the three SARA groups when comparing the hoof trimming visits. Thus, the results of this study partly support the established hypothesis. The possible reasons for the minor differences in the prevalences of claw lesions and CCS values across the three SARA groups most likely include the small number of included cows, and particularly the short duration of the feeding study. Based on the results of the risk analysis, it is anticipated that the risk for lameness in first-lactation cows increases after around 40 days under SARA, whereby a high probability (>25%) of becoming lame was estimated when SARA duration exceeded 80 days.







Author Contributions


Conceptualization, J.K., Q.Z., T.H., N.R. and M.H.; formal data analysis, M.H., T.H. and J.K.; investigation, M.H., T.H., J.H., E.C.-L. and J.K.; methodology, J.K., Q.Z., T.H., N.R. and M.H.; statistical analyses: A.T., Q.Z. and M.H.; visualization, J.K., M.H. and Q.Z.; writing—original draft, J.K., M.H. and Q.Z.; writing—review and editing, J.K., M.H., Q.Z., T.H., E.C.-L., J.H., N.R. and A.T. All authors have read and agreed to the published version of the manuscript.




Funding


The experiment was funded by the Christian Doppler Laboratory for Innovative Gut Health Concepts of Livestock, the Austrian Federal Ministry for Digital and Economic Affairs and the National Foundation for Research, Technology and Development, and Biomin Holding GmbH, now part of DSM (project number: FA24018048). Open Access Funding by the University of Veterinary Medicine Vienna.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to thank all the staff of the CDL-LiveGUT research group and Angelika Käfer and Kerstin Dienbauer from the VetFarm Kremesberg of the University of Veterinary Medicine Vienna, who cared for the 24 cattle during the feeding study. We would also like to thank Cameron R. McCulloch, for manuscript assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Machado, V.S.; Caixeta, L.S.; McArt, J.A.A.; Bicalho, R.C. The effect of claw horn disruption lesions and body condition score at dry-off on survivability, reproductive performance, and milk production in the subsequent lactation. J. Dairy Sci. 2010, 93, 4071–4078. [Google Scholar] [CrossRef]

	



Gundelach, Y.; Schulz, T.; Feldmann, M.; Hoedemaker, M. Effects of increased vigilance for locomotion disorders on lameness and production in dairy cows. Animals 2013, 3, 951–961. [Google Scholar] [CrossRef]

	



Fuerst-Waltl, B.; Egger-Danner, C.; Guggenbichler, S.; Kofler, J. Impact of lameness on fertility traits in Austrian Fleckvieh cows—Results from the Efficient-Cow-project. Schweiz. Arch. Tierheilkd. 2021, 163, 721–736. [Google Scholar] [CrossRef]

	



Murray, R.D.; Downham, D.Y.; Clarkson, M.J.; Faull, W.B.; Hughes, J.W.; Manson, F.J.; Merritt, J.B.; Russell, W.B.; Sutherst, J.E.; Ward, W.R. Epidemiology of lameness in dairy cattle: Description and analysis of foot lesions. Vet. Rec. 1996, 138, 586–591. [Google Scholar] [CrossRef]

	



Tadich, N.; Flor, E.; Green, L. Associations between hoof lesions and locomotion score in 1098 unsound dairy cows. Vet. J. 2010, 184, 60–65. [Google Scholar] [CrossRef]

	



Kofler, J.; Suntinger, M.; Mayerhofer, M.; Linke, K.; Maurer, L.; Hund, A.; Fiedler, A.; Duda, J.; Egger-Danner, C. Benchmarking based on regularly recorded claw health data of Austrian dairy cattle for implementation in the Cattle Data Network (RDV). Animals 2022, 12, 808. [Google Scholar] [CrossRef]

	



Cook, N.B.; Nordlund, K.V.; Oetzel, G.R. Environmental influences on claw horn lesions associated with laminitis and subacute ruminal acidosis in dairy cows. J. Dairy Sci. 2004, 87, E36–E46. [Google Scholar] [CrossRef]

	



Greenough, P.R. Bovine Laminitis and Lameness—A Hands on Approach; Saunders Elsevier: Philadelphia, PA, USA, 2007; pp. 8–304. [Google Scholar]

	



Leach, K.A.; Logue, D.N.; Kempson, S.A.; Offer, J.E.; Ternent, H.E.; Randall, J.M. Claw lesions in dairy cattle—Development of sole and white line haemorrhages during the first lactation. Vet. J. 1997, 154, 215–225. [Google Scholar] [CrossRef]

	



Bergsten, C. Causes, risk factors, and prevention of laminitis and related claw lesions. Acta Vet. Scand. Suppl. 2003, 98, 157–166. [Google Scholar] [CrossRef]

	



Stone, W.C. Nutritional approaches to minimize subacute ruminal acidosis and laminitis in dairy cattle. J. Dairy Sci. 2004, 87, E13–E26. [Google Scholar] [CrossRef]

	



Griffiths, B.E.; Mahen, P.J.; Hall, R.; Kakatsidis, N.; Britten, N.; Long, K.; Robinson, L.; Tatham, H.; Jenkin, R.; Oikonomou, G. A prospective cohort study on the development of claw horn disruption lesions in dairy cattle—Furthering our understanding of the role of the digital cushion. Front. Vet. Sci. 2020, 7, 440. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, L.B. Consequences of selection for milk yield from a geneticist’s viewpoint. J. Dairy Sci. 2000, 83, 1145–1150. [Google Scholar] [CrossRef] [PubMed]

	



Plaizier, J.C.; Krause, D.O.; Gozho, G.N.; McBride, B.W. Subacute ruminal acidosis in dairy cows: The physiological causes, incidence and consequences. Vet. J. 2008, 176, 21–31. [Google Scholar] [CrossRef] [PubMed]

	



Zebeli, Q.; Ghareeb, K.; Humer, E.; Metzler-Zebeli, B.U.; Besenfelder, U. Nutrition, rumen health and inflammation in the transition period and their role on overall health and fertility in dairy cows. Res. Vet. Sci. 2015, 103, 126–136. [Google Scholar] [CrossRef] [PubMed]

	



Khorrami, B.; Khiaosa-Ard, R.; Zebeli, Q. Models to predict the risk of subacute ruminal acidosis in dairy cows based on dietary and cow factors: A meta-analysis. J. Dairy Sci. 2021, 104, 7761–7780. [Google Scholar] [CrossRef]

	



Kleen, J.L.; Upgang, L.; Rehage, J. Prevalence and consequences of subacute ruminal acidosis in German dairy herds. Acta Vet. Scand. 2013, 55, 48. [Google Scholar] [CrossRef]

	



Lean, I.J.; Van Saun, R.; Degaris, P.J. Energy and protein nutrition management of transition dairy cows. Vet. Clin. Food Anim. 2013, 29, 337–366. [Google Scholar] [CrossRef] [PubMed]

	



Lean, I.J.; Westwood, C.T.; Golder, H.M.; Vermunt, J.J. Impact of nutrition on lameness and claw health in cattle. Livestock Sci. 2013, 156, 71–87. [Google Scholar] [CrossRef]

	



Oetzel, G.R. Diagnosis and management of subacute ruminal acidosis in dairy herds. Vet. Clin. Food Anim. 2017, 33, 463–480. [Google Scholar] [CrossRef]

	



Humer, E.; Aschenbach, J.R.; Neubauer, V.; Kröger, I.; Khiaosa-Ard, R.; Baumgartner, W.; Zebeli, Q. Signals for identifying cows at risk of subacute ruminal acidosis in dairy veterinary practice. J. Anim. Physiol. Anim. Nutr. 2018, 102, 380–392. [Google Scholar] [CrossRef] [PubMed]

	



Langova, L.; Novotna, I.; Nemcova, P.; Machacek, M.; Havlicek, Z.; Zemanova, M.; Chrast, V. Impact of nutrients on the hoof health in cattle. Animals 2020, 10, 1824. [Google Scholar] [CrossRef] [PubMed]

	



Olsson, G.; Bergsten, C.; Wiktorsson, H. The influence of diet before and after calving on the food intake, production and health of primiparous cows, with special reference to sole haemorrhages. Anim. Sci. 1998, 66, 75–86. [Google Scholar] [CrossRef]

	



Offer, J.E.; Leach, K.A.; Brocklehurst, S.; Logue, D.N. Effect of forage type on claw horn lesion development in dairy heifers. Vet. J. 2003, 165, 221–227. [Google Scholar] [CrossRef] [PubMed]

	



Penner, G.B.; Beauchemin, K.A.; Mutsvangwa, T. Severity of ruminal acidosis in primiparous holstein cows during the periparturient period. J. Dairy Sci. 2007, 90, 365–375. [Google Scholar] [CrossRef]

	



Bramley, E.; Lean, I.J.; Fulkerson, W.J.; Stevenson, M.A.; Rabiee, A.R.; Costa, N.D. The definition of acidosis in dairy herds predominantly fed on pasture and concentrates. J. Dairy Sci. 2008, 91, 308–321. [Google Scholar] [CrossRef]

	



Humer, E.; Khol-Parasini, A.; Gruber, L.; Gasteiner, J.; Abdel-Raheem, S.M.; Zebeli, Q. Long-term reticuloruminal pH dynamics and markers of liver health in early-lactating cows of various parities fed diets differing in grain processing. J. Dairy Sci. 2015, 98, 6433–6448. [Google Scholar] [CrossRef]

	



Zebeli, Q.; Dijkstra, J.; Tafaj, M.; Steingass, H.; Ametaj, B.N.; Drochner, W. Modeling the adequacy of dietary fiber in dairy cows based on the responses of ruminal pH and milk fat production to composition of the diet. J. Dairy Sci. 2008, 91, 2046–2066. [Google Scholar] [CrossRef]

	



Nasrollahi, S.M.; Zali, A.; Ghorbani, G.R.; Moradi Shahrbabak, M.; Heydari Soltan Abadi, M. Variability in susceptibility to acidosis among high producing mid-lactation dairy cows is associated with rumen pH, fermentation, feed intake, sorting activity, and milk fat percentage. Anim. Feed Sci. Technol. 2017, 228, 72–82. [Google Scholar] [CrossRef]

	



Ossent, P.; Lischer, C. Bovine laminitis: The lesions and their pathogenesis. Practice 1998, 20, 415–427. [Google Scholar] [CrossRef]

	



Danscher, A.M.; Toelboell, T.H.; Wattle, O. Biomechanics and histology of bovine claw suspensory tissue in early acute laminitis. J. Dairy Sci. 2010, 93, 53–62. [Google Scholar] [CrossRef]

	



Mülling, C.K.W. Biomechanics of the Bovine Foot. In Proceedings of the 20th International Symposium of Lameness in Ruminants, Tokyo, Japan, 10–13 March 2019; pp. 32–49. [Google Scholar]

	



GfE. Empfehlungen zur Energie- und Nährstoffversorgung der Milchkühe und Aufzuchtrinder; DLG-Verlags-GmbH: Frankfurt, Germany, 2001; p. 135. [Google Scholar]

	



Sprecher, D.J.; Hostetler, D.E.; Kaneene, J.B. A lameness scoring system that uses posture and gait to predict dairy cattle reproductive performance. Theriogenology 1997, 47, 1179–1187. [Google Scholar] [CrossRef] [PubMed]

	



Kofler, J.; Hangl, A.; Pesenhofer, R.; Landl, G. Evaluation of claw health in heifers in seven dairy farms using a digital claw trimming protocol and claw data analysis system. Berlin. Munch. Tierarztl. Wochenschr. 2011, 124, 10–19. [Google Scholar]

	



Kofler, J. Computerised claw trimming database programs as the basis for monitoring hoof health in dairy herds. Vet. J. 2013, 198, 358–361. [Google Scholar] [CrossRef] [PubMed]

	



Egger-Danner, C.; Nielsen, P.; Fiedler, A.; Müller, K.E.; Fjeldaas, T.; Döpfer, D.; Daniel, V.; Bergsten, C.; Cramer, G.; Christen, A.-M.; et al. ICAR Claw Health Atlas; ICAR Online Publication: Rome, Italy, 2015; pp. 9–43. Available online: https://www.icar.org/ICAR_Claw_Health_Atlas.pdf (accessed on 14 February 2023).

	



Kofler, J.; Fiedler, A.; Charfeddine, N.; Capion, N.; Fjeldaas, T.; Cramer, G.; Bell, N.; Müller, K.; Christen, A.; Thomas, G.; et al. ICAR Claw Health Atlas—Appendix 1—Digital Dermatitis Stages (M-Stages); ICAR Online-Publication: Rome, Italy, 2020; Available online: https://www.icar.org/Documents/ICAR-Claw-Health-Atlas-Appendix-1-DD-stages-M-stages.pdf (accessed on 14 February 2023).

	



Kofler, J.; Fiedler, A.; Charfeddine, N.; Capion, N.; Fjeldaas, T.; Cramer, G.; Bell, N.J.; Müller, K.E.; Christen, A.-M.; Thomas, G.; et al. ICAR Claw Health Atlas—Appendix 2—Digital Dermatitis-Associated Claw Horn Lesions; ICAR Online-Publication: Rome, Italy, 2020; Available online: https://www.icar.org/Documents/ICAR-Claw-Health-Atlas-Appendix-2-DD-associated-Claw-Horn-Lesions.pdf (accessed on 14 February 2023).

	



Leach, K.A.; Logue, D.N.; Randall, J.M.; Kempson, S.A. Claw lesions in dairy cattle: Methods or assessment of sole and white line lesions. Vet. J. 1998, 155, 91–102. [Google Scholar] [CrossRef]

	



Smilie, R.H.; Hoblet, K.H.; Eastridge, M.L.; Weiss, W.P.; Schnitkey, G.L.; Moeschberger, M.L. Subclinical laminitis in dairy cows: Use of severity of hoof lesions to rank and evaluate herds. Vet. Rec. 1999, 144, 17–21. [Google Scholar] [CrossRef]

	



Nocek, J.E. Bovine acidosis: Implications on laminitis. J. Dairy Sci. 1997, 80, 1005–1028. [Google Scholar] [CrossRef]

	



Nordlund, K.V.; Cook, N.B.; Oetzel, G.R. Investigation strategies for laminitis problem herds. J. Dairy Sci. 2004, 87, E27–E35. [Google Scholar] [CrossRef]

	



Shaver, R.D. Feeding to Minimize Acidosis and Laminitis in Dairy Cattle; Dairy Cattle Extension Publication: 2019. Available online: https://dairy-cattle.extension.org/feeding-to-minimize-acidosis-and-laminitis-in-dairy-cattle/ (accessed on 14 February 2023).

	



Schneider, K.; Gasteiner, J.; Guggenberger, T.; Urdl, M.; Steiner, S.; Neidl, A.; Linhart, N.; Baumgartner, W. Comparative measurements on ruminal pH-value in cattle. Berlin. Munch. Tierarztl. Wochenschr. 2010, 123, 406–412. [Google Scholar]

	



Dijkstra, J.; Van Gastelen, S.; Dieho, K.; Nichols, K.; Bannink, A. Rumen sensors: Data and interpretation for key rumen metabolic processes. Animal 2020, 14 (Suppl. 1), s176–s186. [Google Scholar] [CrossRef]

	



Kleen, J.L.; Hooijer, G.A.; Rehage, J.; Noordhuizen, J.P.T.M. Subacute ruminal acidosis in Dutch dairy herds. Vet. Rec. 2009, 164, 681–683. [Google Scholar] [CrossRef]

	



Neubauer, V.; Humer, E.; Kröger, I.; Braid, T.; Wagner, M.; Zebeli, Q. Differences between pH of indwelling sensors and the pH of fluid and solid phase in the rumen of dairy cows fed varying concentrate levels. J. Anim. Physiol. Anim. Nutr. 2018, 102, 343–349. [Google Scholar] [CrossRef] [PubMed]

	



Offner, A.; Bach, A.; Sauvant, D. Quantitative review of in situ starch degradation in the rumen. Anim. Feed Sci. Technol. 2003, 106, 81–93. [Google Scholar] [CrossRef]

	



Benninghoff, J.; Paschke-Beese, M.; Südekum, K.-H. In situ and in vitro ruminal degradation of maize grain and untreated or xylose-treated wheat, barley and rye grains. Anim. Feed Sci. Technol. 2015, 210, 86–93. [Google Scholar] [CrossRef]

	



Drendel, T.R.; Hoffman, P.C.; St Pierre, N.; Socha, M.T.; Tomlinson, D.J.; Ward, T.L. Effects of feeding Zinc, Manganese, and Copper-Amino-Acid-Complexes and Cobalt-Glucoheptonate to dairy replacement heifers on claw disorders. Prof. Anim. Sci. 2005, 21, 217–224. [Google Scholar] [CrossRef]

	



Leach, K.A.; Tisdall, D.A.; Bell, N.J.; Main, D.C.J.; Green, L.E. The effects of early treatment for hindlimb lameness in dairy cows on four commercial UK farms. Vet. J. 2012, 193, 626–632. [Google Scholar] [CrossRef]

	



Randall, L.V.; Green, M.J.; Chagunda, M.G.G.; Mason, C.; Green, L.E.; Huxley, J.N. Lameness in dairy heifers; impacts of hoof lesions present around first calving on future lameness, milk yield and culling risk. Prev. Vet. Med. 2016, 133, 52–63. [Google Scholar] [CrossRef]

	



Christen, A.M.; Egger-Danner, C.; Capion, N.; Charfeddine, N.; Cole, J.; Cramer, G.; De Jong, G.; Fiedler, A.; Fjeldaas, T.; Gengler, N.; et al. Lameness in dairy cattle. In Section 7—Bovine Functional Traits: Guidelines for Health, Female Fertility, Udder Health, Claw Health Traits and Lameness in Bovine; ICAR Online-Publication: Rome, Italy, 2020; pp. 84–151. Available online: https://www.icar.org/Guidelines/07-Bovine-Functional-Traits.pdf (accessed on 14 February 2023).

	



Espejo, L.A.; Endres, M.I.; Salfer, J.A. Prevalence of lameness in high-producing Holstein cows housed in freestall barns in Minnesota. J. Dairy Sci. 2006, 89, 3052–3058. [Google Scholar] [CrossRef]

	



Fiore, E.; Perillo, L.; Marchesini, G.; Piccione, G.; Giudice, E.; Zumbo, A.; Armato, L.; Fabbri, G.; Gianesella, M. Effect of parity on claw horn lesions in Holstein dairy cows—Clinical and radiological study. Ann. Anim. Sci. 2019, 19, 147–158. [Google Scholar] [CrossRef]

	



Jewell, M.T.; Cameron, M.; Spears, J.; McKenna, S.L.; Cockram, M.S.; Sanchez, J.; Keefe, G.P. Prevalence of lameness and associated risk factors on dairy farms in the Maritime Provinces of Canada. J. Dairy Sci. 2019, 102, 3392–3405. [Google Scholar] [CrossRef]

	



EFSA. Scientific opinion on welfare of dairy cows in relation to leg and locomotion problems based on a risk assessment with special reference to the impact of housing, feeding, management and genetic selection. EFSA J. 2009, 1142, 1–57. Available online: https://www.efsa.europa.eu/de/efsajournal/pub/1142 (accessed on 14 February 2023).

	



Huber, S.; Bernhard, J.; Syring, C.; Steiner, A. Erarbeitung von Kennzahlen und Grenzwerten zur Klauengesundheit beim Schweizer Rindvieh. Schweiz. Arch. Tierheilkd. 2021, 163, 139–152. [Google Scholar] [CrossRef] [PubMed]

	



Shearer, J.; Van Amstel, S. Manual of Foot Care in Cattle, 2nd ed.; W.D. Hoard & Sons Company: Fort Atkinson, WI, USA, 2013; pp. 5–60. [Google Scholar]

	



Sadiq, M.B.; Ramanoon, S.Z.; Mansor, R.; Syed-Hussain, S.S.; Shaik Mossadeq, W.M. Claw trimming as a lameness management practice and the association with welfare and production in dairy cows. Animals 2020, 10, 1515. [Google Scholar] [CrossRef] [PubMed]

	



Capion, N.; Cannings, E.S.; Krogh, M.A. Comparison of claw horn disruption lesions in four dairy herds using two different trimming techniques: A case study. Vet. J. 2022, 287, 105886. [Google Scholar] [CrossRef] [PubMed]

	



Van der Tol, P.P.J.; Van der Beek, S.S.; Metz, J.H.M.; Noordhuizen-Stassen, E.N.; Back, W.; Braam, C.R.; Weijs, W.A. The effect of preventive trimming on weight bearing and force balance on the claws of dairy cattle. J. Dairy Sci. 2004, 87, 1732–1738. [Google Scholar] [CrossRef]

	



Maxwell, O.J.; Hudson, C.D.; Huxley, J.N. Effect of early lactation foot trimming in lame and non-lame dairy heifers: A randomised controlled trial. Vet. Rec. 2015, 177, 100. [Google Scholar] [CrossRef]

	



Charfeddine, N.; Alsaaod, M.; Burgstaller, J.; Christen, A.-M.; De Jong, G.; Egger-Danner, C.; Fiedler, A.; Heringstad, B.; Holzhauer, M.; Kofler, J.; et al. Guidelines for the validation and use of claw health data. In Proceedings of the ICAR Technical Series no. 21, 40th ICAR Biennial Session, Puerto Varas, Chile, 24–28 October 2016; pp. 157–162. Available online: https://www.icar.org/Documents/technical_series/ICAR-Technical-Series-no-21-Puerto-Varas/Charfeddine.pdf (accessed on 14 February 2023).

	



Vermunt, J.J.; Greenough, P.R. Sole haemorrhages in dairy heifers managed under different underfoot and environmental conditions. Br. Vet. J. 1996, 152, 57–73. [Google Scholar] [CrossRef]

	



Somers, J.G.C.J.; Frankena, K.; Noordhuizen-Stassen, E.N.; Metz, J.H.M. Prevalence of claw disorders in Dutch dairy cows exposed to several floor systems. J. Dairy Sci. 2003, 86, 2082–2093. [Google Scholar] [CrossRef]

	



Cook, N.B.; Mentink, R.L.; Bennett, T.B.; Burgi, K. The effect of heat stress and lameness on time budgets of lactating dairy cows. J. Dairy Sci. 2007, 90, 1674–1682. [Google Scholar] [CrossRef]

	



Telezhenko, E.; Lidfors, L.; Bergsten, C. Dairy cow preferences for soft or hard flooring when standing or walking. J. Dairy Sci. 2007, 90, 3716–3724. [Google Scholar] [CrossRef]

	



Grant, R.J.; Albright, J.L. Effect of animal grouping on feeding behavior and intake of dairy cattle. J. Dairy Sci. 2001, 84, E156–E163. [Google Scholar] [CrossRef]

	



Sogstad, Å.M.; Fjeldaas, T.; Østerås, O.; Plym Forshell, K. Prevalence of claw lesions in Norwegian dairy cattle housed in tie stalls and free stalls. Prev. Vet. Med. 2005, 70, 191–209. [Google Scholar] [CrossRef] [PubMed]

	



Kujala, M.; Dohoo, I.R.; Soveri, T. White-line disease and haemorrhages in hooves of Finnish dairy cattle. Prev. Vet. Med. 2010, 94, 18–27. [Google Scholar] [CrossRef] [PubMed]

	



Somers, J.G.C.J.; Frankena, K.; Noordhuizen-Stassen, E.N.; Metz, J.H.M. Risk factors for interdigital dermatitis and heel erosion in dairy cows kept in cubicle houses in The Netherlands. Prev. Vet. Med. 2005, 71, 23–34. [Google Scholar] [CrossRef] [PubMed]

	



Capion, N.; Boye, M.; Ekstrøm, C.T.; Jensen, T.K. Infection dynamics of digital dermatitis in first-lactation Holstein cows in an infected herd. J. Dairy Sci. 2012, 95, 6457–6464. [Google Scholar] [CrossRef] [PubMed]

	



Plummer, P.J.; Krull, A. Clinical perspectives of digital dermatitis in dairy and beef cattle. Vet. Clin. Food Anim. 2017, 33, 165–181. [Google Scholar] [CrossRef]

	



Burgstaller, J.; Raith, J.; Kuchling, S.; Mandl, V.; Hund, A.; Kofler, J. Claw health and prevalence of lameness in cows from compost bedded and cubicle freestall dairy barns in Austria. Vet. J. 2016, 216, 81–86. [Google Scholar] [CrossRef]

	



Kleen, J.L.; Cannizzo, C. Incidence, prevalence and impact of SARA in dairy herds. Anim. Feed Sci. Technol. 2012, 172, 4–8. [Google Scholar] [CrossRef]








[image: Animals 13 01418 g001 550] 





Figure 1. Results of the cluster analysis with the dendrogram and R2 of 24 Holstein cows clustered into three groups of SARA severity (light, moderate and severe) and the data of single cows regarding days experiencing SARA (as numbers or percentage of the days with SARA). 






Figure 1. Results of the cluster analysis with the dendrogram and R2 of 24 Holstein cows clustered into three groups of SARA severity (light, moderate and severe) and the data of single cows regarding days experiencing SARA (as numbers or percentage of the days with SARA).



[image: Animals 13 01418 g001]







[image: Animals 13 01418 g002 550] 





Figure 2. The predicted probability of lameness in cows with the 95% confidence limits (shaded area) based on the duration of SARA (Y = −3.1866 (±0.4834) + 0.0252 (±0.0113) X, p = 0.0257). 
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Figure 3. The receiver operating characteristic curve (ROC) of the model at various decision thresholds with the AUC of the model. 
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Figure 4. (a,b) Boxplot graphs illustrating the increase in CCS values from hoof trimming visit 1 to visit 3 in the cows of the SARA groups light, moderate and severe; the left boxplot (a) includes the data of all claw lesions; in the right boxplot (b) the proportional data of heel horn erosion (HHE) were omitted, which clearly scaled down the CCS values (see the y axis); *–***: indicates significant differences between hoof trimming visits. 
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Table 1. Composition of close-up ration, SARA ration, and post-SARA ration. 1






Table 1. Composition of close-up ration, SARA ration, and post-SARA ration. 1











	Components

(% of DM Unless Stated)
	Close-Up Ration
	SARA Ration
	Post-SARA Ration





	Grass silage
	38.0
	24.0
	37.0



	Corn silage
	30.0
	16.0
	20.9



	Meadow hay
	0.0
	0.0
	4.3



	Wheat straw
	0.0
	0.0
	1.6



	Concentrate mixture 2
	32.0
	60.0
	0.0



	Grain mixture with premix 3
	0.0
	0.0
	9.8



	Protein supplement 4
	0.0
	0.0
	5.5



	Dairy concentrate 5
	0.0
	0.0
	20.9



	Estimated composition
	
	
	



	Dry matter (% as is)
	40.3
	43.3
	38.8



	Crude protein
	14.3
	17.0
	14.8



	Starch and sugars
	27.9
	35.1
	21.1



	Neutral detergent fiber
	39.2
	29.6
	45.2



	Net energy of lactation (MJ/kg DM)
	6.5
	7.2
	6.4







1 Close-up (3 weeks prepartum until calving day), SARA diet (fed until 70 DIM), and post-SARA ration (>70 DIM) were fed as total mixed rations (TMR).2 Concentrate mixture for close-up ration contained: 62% barley grain, 20% rapeseed meal, 9% corn meal, 4% soybean meal with 44% crude protein, 4% vitaminized mineral feed, and 1% molasses. Concentrate mixture for SARA ration contained: 61.5% barley grain, 16% rapeseed meal, 8% corn meal, 10% soybean meal with 44% crude protein, 3.5% vitaminized mineral feed, and 1% molasses; both concentrate mixture were fed in pelleted form.3 Grain mixture with premix contained: 50% corn meal, 20.8% barley grain, 20.8% wheat meal, 3.3% limestone, 5% vitaminized mineral feed (Rindavit TMR 11 ASS-Co+ATG, Schaumann GmbH).4 Protein supplement was Rindastar39 (Schaumann GmbH) with 39% crude protein.5 Dairy concentrate was pelleted KuhKorn Kompakt19 (Garant Tiernahrung) with 19% crude protein. DM: dry matter.
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Table 2. Overview of claw lesions, their codes, the three severity scores per lesion as recorded by the electronic documentation system and assigned geometric severity scores.
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	Term of Claw Lesion
	Lesion Code
	Severity

Score
	* Geometric Severity Score





	Asymmetric claw
	AC
	1
	0



	Concave dorsal wall
	CD
	1
	5



	
	
	2
	10



	
	
	3
	20



	Corkscrew claw
	CC
	1
	4



	Digital dermatitis M1
	DD-M1
	1
	16



	Digital dermatitis M2
	DD-M2
	3
	64



	Digital dermatitis M3
	DD-M3
	1
	16



	Digital dermatitis M4
	DD-M4
	1
	8



	Digital dermatitis M4.1
	DD-M4.1
	2
	32



	Interdigital dermatitis
	ID
	1
	8



	Double sole
	DS
	1
	4



	
	
	2
	8



	
	
	3
	32



	Heel horn erosion
	HHE
	1
	2



	
	
	2
	4



	
	
	3
	16



	Horn fissure vertical
	HFV (HFA, HFD)
	1
	8



	(axial, dorsal)
	
	2
	16



	
	
	3
	64



	Horn fissure horizontal
	HFH
	1
	8



	
	
	2
	16



	
	
	3
	64



	Interdigital hyperplasia
	IH
	1
	8



	
	
	2
	16



	
	
	3
	64



	Interdigital phlegmon (foot rot)
	IP
	1
	64



	
	
	2
	96



	
	
	3
	128



	Scissor claws
	SC
	1
	0



	Swelling of coronet and/or bulb
	SW
	1
	16



	
	
	2
	32



	
	
	3
	64



	Sole hemorrhage (circumscribed/
	SH
	1
	4



	diffuse)
	
	2
	8



	
	
	3
	16



	Sole ulcer
	SU
	1
	32



	
	
	2
	64



	
	
	3
	128



	Bulb ulcer
	BU
	1
	32



	
	
	2
	64



	
	
	3
	128



	Toe ulcer
	TU
	1
	32



	
	
	2
	64



	
	
	3
	128



	Toe necrosis
	TN
	3
	128



	Thin sole
	TS
	2
	24



	White line lesion (separation)
	WLL
	1
	16



	White line abscess
	WLA
	2
	64



	
	WLA
	3
	128



	DD-associated bulb ulcer
	DD-BU
	3
	128



	DD-associated horn fissure
	DD-HF
	3
	128



	DD-associated interdigital hyperplasia
	DD-IH
	3
	128



	DD-associated sole ulcer
	DD-SU
	3
	128



	DD-associated toe ulcer
	DD-TU
	3
	128



	DD-associated toe necrosis
	DD-TN
	3
	128



	DD-associated white line abscess
	DD-WLA
	3
	128







* Geometric severity score calculation as is used in the “Klauenmanager” documentation program according to reports in the literature [35,36,40,41] and recent extensions together with Swiss researchers (A. Steiner, C. Syring).
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Table 3. LCS means of cows in the three SARA groups during the study period.
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	SARA Group 1
	LCS Mean
	SD
	Min/Max





	Light
	1.03
	0.18
	1/2



	Moderate
	1.07
	0.32
	1/3



	Severe
	1.14
	0.35
	1/2







1 For SARA classification see Figure 1. SD: standard deviation. min/max: minimum/maximum values. LCS 1 (locomotion score 1): not lame.
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Table 4. List of prevalence values in percentage (at claw level) of recorded claw lesions in the three SARA groups before the start of the study (8 weeks before calving), at the end of the SARA diet (70 DIM) and three months later (160 DIM) after the SARA diet was discontinued.
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Claw Lesion Type (Code)

	
SARA Group 1

	
Before

Calving

	
At 70 DIM

	
At 160 DIM






	
Interdigital hyperplasia (IH)

	
L

	
0.0

	
0.0

	
0.0




	
M

	
0.0

	
0.0

	
0.0




	

	
S

	
0.0

	
1.6

	
0.0




	
Sole ulcer (SU)

	
L

	
0.0

	
0.0

	
0.0




	

	
M

	
0.0

	
0.0

	
0.0




	

	
S

	
1.6

	
0.0

	
0.0




	
Horn fissure (HF)

	
L

	
0.0

	
0.0

	
0.0




	

	
M

	
0.0

	
0.0

	
0.0




	

	
S

	
3.1

	
0.0

	
0.0




	
Digital dermatitis (DD-M2)

	
L

	
0.0

	
3.1

	
0.0




	

	
M

	
3.1

	
0.0

	
0.0




	

	
S

	
0.0

	
1.6

	
1.6




	
Corkscrew claw (CC)

	
L

	
0.0

	
6.2

	
6.2




	

	
M

	
0.0

	
0.0

	
0.0




	

	
S

	
0.0

	
0.0

	
0.0




	
Sole hemorrhage (SH)

	
L

	
3.6

	
3.1

	
0.0




	

	
M

	
0.0

	
1.6

	
4.7




	

	
S

	
0.0

	
6.2

	
7.8




	
Double sole (DS)

	
L

	
0.0

	
6.2

	
12.5 *




	

	
M

	
1.6

	
0.0

	
0.0




	

	
S

	
1.6

	
0.0

	
0.0




	
Concave dorsal wall (CD)

	
L

	
0.0

	
3.1

	
25.0 *




	
M

	
0.0

	
3.1

	
23.4 *




	

	
S

	
0.0

	
3.1

	
28.1 *




	
White line lesion (WLL)

	
L

	
8.9

	
9.4

	
12.5




	

	
M

	
14.1

	
6.2

	
18.7




	

	
S

	
12.5

	
3.1

	
18.7 *




	
Heel horn erosion (HHE)

	
L

	
28.7

	
71.9

	
59.4




	
M

	
62.5

	
68.7

	
84.4 *




	

	
S

	
37.5

	
87.5 *

	
84.4 *








1 SARA groups are shown in Figure 1; L = light SARA group (cows experiencing SARA in <11% of the experimental days); M = moderate SARA group (cows experiencing SARA in >11 to <30% of the experimental days); S = severe SARA group (cows experiencing SARA in >30% of the experimental days); DD-M2: acute DD lesion; *: indicates significant differences between hoof trimming visits.
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Table 5. CCS means of the cows of the three SARA groups at the three hoof trimming visits; the numbers in parentheses indicate the mean CCS values without inclusion of the proportional data of heel horn erosion (HHE).






Table 5. CCS means of the cows of the three SARA groups at the three hoof trimming visits; the numbers in parentheses indicate the mean CCS values without inclusion of the proportional data of heel horn erosion (HHE).





	SARA Group 1
	Before Calving
	At 70 DIM
	At 160 DIM





	Light
	13.0 (9.0)
	36.8 (19.2)
	49.0 (29.7)



	Moderate
	28.6 (18.5)
	26.2 (8.2)
	61.7 (34.9)



	Severe
	25.5 (19.5)
	37.2 (9.2)
	66.7 (39.7)







1 SARA groups are shown in Figure 1.
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