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Abstract

:

Traditionally, the energy supply of dairy cows is based on the average performance of the herd. Because this contradicts the great variation in requirements between individual animals, the objective of the present study was to quantify both the extent and consequences of variation in the relevant sub-variables used to calculate the energy balance (EB) on an individual animal basis. Total energy supply (TES) and requirements (TER) of 28 multiparous German Holstein dairy cows fed TMR with 7.0 MJ NEL were studied between the 2nd and 15th week after calving. TES, mainly influenced by DMI, increased from 100.1 (week 2) to 152.1 MJ NEL/d (week 15; p < 0.01). Weekly coefficients of variation (CV) ranged between 0.10 and 0.16 and were similar to the CV of DMI (0.09 to 0.17). TER, as the sum of energy requirement for maintenance (body weight) and production (milk yield), decreased from 174.8 (week 2) to 164.5 MJ NEL/d (week 15; p < 0.01) and CV varied between 0.16 (week 2) and 0.07 (week 11). EB increased from −74.8 (week 2) to −12.4 MJ NEL/d (week 15; p < 0.01) and CV varied from 0.32 (week 3) to 1.01 (week 10). The results indicate that calculating EB on an individual animal basis is a prerequisite to identify animals with an increased risk of failing to cope with their energy situation, which cause failure costs that drain the profit of affected cows.
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1. Introduction


The average milk production per cow and year has continuously increased over the past decades [1]. The reasons are multifactorial and can be attributed not only to breeding for a high milk yield, but also to improvements in feeding regimes and increased management efforts [2,3]. An increase in milk yield is equivalent to an increase in energy requirements for milk production. Daily requirements for glucose, amino acids, and fatty acids during this period are, for example, respectively more than 2.7, 2.0, and 4.5 times higher than the uterine requirements during the last third of gestation [4]. However, energy intake does not increase at the same rate, particularly in the first weeks after calving [5,6]. The gap between energy requirements and supply causes a metabolic challenge for the dairy cow. Despite the increase in animal body mass and girth associated with breeding for higher milk yield, it is not possible for dairy cows to absorb the amount of energy from feed that is required for the maintenance of body functions and milk production. In addition, with each increase in body size, body mass, and milk yield, energy requirements continue to increase and the gap between energy requirements and supply continues to widen [1,7,8]. This inevitably leads to a massive energy deficit or negative energy balance (NEB) and an enhanced need for metabolic regulation by the cow [9]. If sufficient energy can no longer be consumed to meet the demand, the body mobilizes body fat reserves, resulting in increased lipolysis [10]. The continually increasing hepatic uptake of non-esterified fatty acids (NEFA) from the blood can lead to the development of fatty liver, which in turn can have far-reaching negative consequences on overall body functioning [9,11,12]. An increase in NEB is associated with a decrease in reproductive performance [13,14,15] and claw health [11]. Furthermore, additional health risks are created by the increase in milk yield because it leads to insufficient glucose content for the maintenance of the immune system due to the inability of intermediary metabolism to provide sufficient glucose to meet the simultaneous needs of mammary and immune cells [16]. Metabolic disorders indicate an excessive overload of the adaptive capacity [9]. This increases the risk of involuntary culling and of economic losses [17,18]. These losses are high in the case of a short useful lifespan since the costs incurred for rearing, keeping, and feeding have usually not yet been recovered by the animal. Due to the economic implications, knowledge and control of the animal-individual energy balance is one of the most important tasks in dairy farming [19].



Energy balance (EB) is calculated as the energy ingested through feed, ideally corrected for the animal-individual level of digestibility, minus the energy required to maintain body functions, milk production, and pregnancy. Therefore, EB is a calculated variable consisting of several sub-variables. The sub-variables can vary over time within one animal and between individual animals of the same genotype or in the same stage of lactation due to reinforcing, but nevertheless partly opposing, biological processes [20]. For example, an increase in milk yield leads to an increase in feed intake [21,22,23] but feed digestibility decreases as feed intake increases [24,25].



In the past, many studies have addressed the magnitude of energy deficit at the beginning of lactation and its effects on animal health. However, the implications of the variation within and between sub-variables on EB are often unknown or faded out when using prediction equations or table values to formulate feeding rations [26]. Therefore, the objective of the present study was to quantify the extent of intra- and interindividual variation in the relevant sub-variables and its effects on the intra- and interindividual variation of EB.




2. Materials and Methods


2.1. Animals, Housing and Diet


The study was carried out between April and October 2018 at the Educational and Research Center for Animal Husbandry, Hofgut Neumuehle, Muenchweiler a.d. Alsenz, Germany. Twenty-eight German Holstein dairy cows, ranging from the second to eighth parity (mean = 2.9; SD = 1.3), and between the second and fifteenth week of lactation were used. The cows were housed together with non-experimental cows in a free-stall barn with 60 cubicles and 30 feeding units. Cows had unlimited access to fresh water and were fed a total mixed ration (TMR) ad libitum (Table 1). The TMR was prepared in the morning and delivered twice daily (60% of total daily amount at 6 am and 40% of total daily amount at 11 A.M.).




2.2. Data and Sample Collection


Individual feed intake was measured daily with an Insentec B.V. (Marknesse, The Netherlands) RIC (Roughage Intake Control) automatic weighing system. Cows were identified using individual collar transponders, which provided access to the feeding unit. TMR intake per visit was calculated from the differences in trough weight between start and end of the visit. The daily dry matter intake (DMI) per cow was calculated by adding the recorded daily amount of fresh matter intake and multiplying the result by the diet DM content and averaged over one week. Body weight of all cows was measured daily following the AM and PM milking using weighing scales and averaged over one week. Due to a technical error, no weights could be recorded over a period of six weeks. The missing data were linear interpolated using the ‘linear trend at point’ method in the replace missing values command of the SPSS 25.0 software (IBM Company Inc., Chicago, IL, USA). As an additional animal control, body condition score (BCS) was assessed biweekly by trained observers to the nearest quarter unit on a scale from 1 (emaciated) to 5 (obese; [27]) with intermediate steps of 0.25 points. The missing BCS data every second week were smoothed across lactation using natural cubic splines of degree 3 [28,29].



Cows were milked twice daily between 5.00 and 7.30 A.M. and between 3.30 and 6.00 P.M. The daily milk yield was recorded electronically via the herd management system Dairy Plan C21 (GEA Farm Technologies, Boenen, Germany). Milk aliquots from one evening and the next morning were taken biweekly and pooled for further analysis of milk fat, protein, and lactose by infrared spectrophotometry using a MilkoScan FT6000 (Foss Analytical A/S, Hillerød, Denmark).



TMR samples were taken daily within one hour of feed delivery. Daily samples were combined on a weekly basis with a representative TMR sample of 800–1000 g to determine the weekly dry matter content. Starting at the day of calving, individual cow fecal samples were collected weekly two hours after morning milking via rectal palpation. The samples were labelled and stored frozen at −20 °C until chemical analysis. Deviations in fecal content within a day, especially in aNDFom and iNDF240, were reduced by defining a fixed time of feeding and sampling, which remained constant over the test period.




2.3. Chemical Analysis


Dry matter (DM) content was determined in a two-step process. Thawed TMR and feces samples were first oven dried at 60 °C for 48 h and ground to 1 mm particle size. This was followed by drying at 105 °C for 3 h until constant weight was achieved. Organic matter (OM) was measured by ashing (550 °C) overnight. The dried and ground samples were submitted to Cumberland Valley Analytical Services Inc., Waynesboro, PA (CVAS) for chemical analysis. All TMR samples were analyzed for DM, OM (method 942.05; [30], CP (method 990.03; [30], SP [31], EE (method 2003.05; [30]), aNDFom using α-amylase and expressed exclusive of residual ash [32], ADF (expressed inclusive of residual ash, method 978.10; [30]), lignin (method 973.18; [30]), ethanol soluble carbohydrates (ESC), starch [33] and iNDF240 [34]. Dried and ground fecal samples were split into two subsamples. One subsample was analyzed with near infrared reflectance spectroscopy (NIRS) described by Althaus et al. [35]. The analysis included DM, OM, and CP. The other subsample was submitted to CVAS for the determination of ADF, aNDFom, and iNDF240.




2.4. Calculations and Statistical Analysis


For comparison, DMI was predicted with the Gruber Model 5, which is a standard model for TMR without hay [36]. The prediction model was based on days in milk (DIM), the effect of country and breed, parity, body weight (BW), and milk yield (MY). In the present study, mean values of the animals in the different stages of lactation were used. The diet characteristics used in the model were the proportion of concentrate in the mixed ration (cDMI%; %concentrate of the mixed ration; DM/day) and the net energy (NE) value of forage (NELf; MJNE/kg DM) [37].



Organic matter digestibility was calculated from iNDF240 as an internal marker and nutrient concentrations in TMR and feces using the following equation by [38]:


Organic matter digestibility (g/kg) = 100 − {100 × (TMR iNDF240/fecal iNDF240) ×

[fecal OM content (% of DM)/TMR OM content (% of DM)]}



(1)







The energy corrected milk yield (ECM) was calculated as follows [39]:


ECM (kg/day) = milk yield (kg/d) × {([0.38 × fat (%) + 0.21 protein (%)] + 1.05)/3.28}



(2)







ECM was calculated with the daily milk yield and the fat and protein content from the milk check. The daily ECM was averaged over one week.



EB was calculated from the total energy supply (TES), the energy requirement for maintenance (ERM), and the energy requirement for production (ERP) of ECM as proposed by GfE [40]. Energy requirement for the production of 1 kg ECM was calculated with 3.28 MJ NEL [40]:


TES (MJ NEL/d) = DMI (kg) × MJ NEL/kg DM



(3)






ERM (MJ NEL/d) = 0.293 × BW 0.75 (kg)



(4)






ERP (MJ NEL/d) = ECM (kg) × 3.28 (MJ NEL)



(5)






TER (MJ NEL/d) = ERM (MJ NEL/d) + ERP (MJ NEL/d)



(6)






EB (MJ NEL/d) = TES (MJ NEL/d) − ERM (MJ NEL/d) − ERP (MJ NEL/d)



(7)







Data were analyzed using SPSS 25.0 software (IBM Company Inc., Chicago, IL, USA). The mean, range, standard deviation (SD), and coefficient of variation (CV), calculated as ratio of standard deviation to mean, were calculated. Each variable was checked for normal distribution by a histogram and a Q–Q plot. Changes in each parameter for all cows over the course of the study are shown by box plots that represent the median, interquartile range, and extreme cases of individual variables. The individual comparisons were performed using post-hoc pairwise comparisons, with the Sidak correction applied, to determine which of the comparisons were significant. When the Mauchly’s test indicated that the assumption of sphericity had been violated, the degrees of freedom were corrected using Greenhouse–Geisser estimates if the estimate was lower than 0.75 or the Huynh–Feld estimate if the estimate was greater than 0.75 [41]. The effect sizes for the main effects and interactions were determined by partial eta squared (η2) values. Partial eta squared (η2) values were classified as small (0.01 to 0.059), moderate (0.06 to 0.137), and large (>0.137). Differences were considered significant at a level of p ≤ 0.05, and a tendency was considered at 0.05 < p ≤ 0.10. The relationship between EB and BCS was analyzed using Pearson’s correlation.



Cows were retrospectively grouped in quartiles based on average energy balance between week 2 and 15 of lactation. The formation of groups using such quartiles has the advantage of separating cows with high differences in EB more precisely.



Groups were defined as low, intermediate, and upper quartile of mean energy balance.



Performance data were analyzed using ANOVA, with quartiles as the fixed factor. The individual quartile comparisons were performed using post-hoc pairwise comparisons, with the Sidak correction applied. Furthermore, linear regressions were performed to analyze the impact of variation in the different sub-variables on the variation of EB.





3. Results


3.1. Variation of Energy Supply Parameter


The energy content of the offered total mixed rations during the trial period was constant at 7.0 ± 0.0 MJ NEL. DMI significantly increased with a linear (p < 0.001; η2 = 0.75) and quadratic (p < 0.001; η2 = 0.677) trend from a mean value of 14.3 ± 2.3 kg DMI per day in week 2 up to 22.1 ± 2.3 kg in week 11. Thereafter, DMI varied until the 15th week of lactation between 21.2 und 21.7 kg DMI. Weekly CV values of DMI ranged between 0.09 (week 9) and 0.17 (week 2). This was also shown in Rumphorst et al. [42]. Mean individual cow DMI (Figure 1) between week 2 and 15 of lactation ranged between 16.8 ± 2.5 kg and 24.5 ± 1.3 kg DMI per day and was significantly different between animals (p = 0.00; η2 = 0.669). The CV of DMI for individual animals over the trial period ranged between 0.05 and 0.25.



By comparing the predicted DMI with the measured DMI, differences up to 6.7 kg DMI/d could be detected (Table 2). In addition, the measured DMI showed a high variation with CV values up to 0.15 and wide ranges between minimum (min) and maximum (max) DMI during the different stages of lactation.



Organic matter digestibility (OMD) during the trial period varied between 738.6 g/kg (week 2) and 725.1 g/kg (week 8). Weekly CV values of OMD ranged between 0.02 and 0.03. Mean individual cow OMD ranged between 712.6 ± 17.7 and 744.2 ± 16.5 g OM/kg DM and it was also significantly different between animals (p = 0.00; η2 = 0.275). The CV of individual animal OMD ranged between 0.02 and 0.04.



Total energy supply (TES) increased with a linear (p < 0.001; η2 = 0.753) and quadratic (p < 0.001; η2 = 0.674) trend from a mean value of 100.1 ± 15.8 MJ NEL/day in week 2 up to 152.1 ± 15.4 MJ NEL/day in week 15. Weekly CV values of TES ranged between 0.10 (week 9, 11 and 15) and 0.16 (week 2, 3, 14). Mean individual cow TES (Figure 2) varied between 117.3 ± 17.9 and 171.1 ± 10.1 MJ NEL per day (p = 0.00; η2 = 0.669) and the CV ranged between 0.06 and 0.25.



BCS decreased with a linear (p = 0.025; η2 = 0.23) and quadratic (p = 0.005; η2 = 0.33) trend from a mean value of 3.1 BCS points in week 2 to 2.84 in week 9. Thereafter, BCS increased up to 2.9 BCS points in the 15th week of lactation (Figure 3).



BCS changes between two weeks are shown in Figure 4.



Mean individual cow BCS during the trial period ranged between 2.4 ± 0.2 and 3.6 ± 0.4 and the CV varied between 0.00 and 0.15 (Figure 5).




3.2. Variation of Energy Requirement Parameters


Body weight decreased from 669.7 ± 58.8 kg in week 2 to 659.4 ± 64.1 kg in week 12 and was not significantly different over the trial period. Mean individual cow BW during the trial period ranged between 593.7 ± 11.5 and 818.3 ± 19.7 kg and the CV varied between 0.01 and 0.05. ECM reached a mean value of 42.9 kg ECM and significantly increased with a linear (p < 0.001; η2 = 0.628) trend from a mean value of 43.3 ± 8.8 kg ECM per day in week 2 up to 44.6 ± 7.1 kg in week 4. Thereafter, ECM varied until the 15th week of lactation between 40.3 and 43.9 kg. Weekly CV values of ECM ranged between 0.1 (week 11) and 0.2 (week 2). Mean individual cow ECM between weeks 2 and 15 of lactation ranged between 32.1 ± 6.4 kg and 53.4 ± 3.4 kg ECM per day (p = 0.00; η2 = 0.740) and the CV of ECM ranged between individual animals from 0.04 to 0.2.



Energy requirement for maintenance (ERM) varied between 38.5 ± 2.6 (week 2) and 38.0 ± 2.8 MJ NEL (week 12). Mean individual ERM ranged between 34.3 ± 0.3 and 44.8 ± 0.8 MJ NEL and CV values varied between 0.01 and 0.04.



Energy requirement for production (ERP) decreased in a linear trend (p < 0.001; η2 = 0.633) from 140.8 ± 21.8 (week 3) to 126.2 ± 14.5 MJ NEL in week 15. Mean individual ERP varied between 100.6 ± 20.0 and 167.6 ± 10.8 MJ NEL between individual cows and CV values ranged between 0.04 and 0.2 (Figure 6).



Total energy requirement (TER) had a mean of 172.6 MJ NEL/d and decreased in the same way as ERP (p < 0.001; η2 = 0.314) from 174.8 ± 28.0 (week 2) to 164.5 ± 14.4 MJ NEL/d in week 15. CV varied between 0.16 in week 2 and 0.07 in week 11. Mean individual TER varied between 140.9 ± 19.7 and 205.2 ± 10.7 MJ NEL/d between individual cows (Figure 7). CV values ranged between 0.03 and 0.14. The share of ERM in the TER was 22.4% on average and varied between a 16.3% at minimum and 44.0% at maximum.



In contrast, the share of ERP in TER averaged 77.6% with a minimum of 56% and a maximum of 83%. On average, TER was 1.3 times higher than TES. The minimum TER was 0.9 times and the maximum 2.4 times above the TES. Linear regression showed a strong positive trend for CV of ERP (0.727, p < 0.01), indicating that the variation in TER is essentially influenced by the variation in ERP. Variation in ERM showed no significant effect on variation in TER (−0.057, p = 0.610).




3.3. Variation of Energy Balance during Early Lactation


The values of the calculated energy balance (EB) increased with a linear (p < 0.001; η2 = 0.895) and quadratic (p < 0.001; η2 = 0.584) trend from −74.8 ± 24.9 MJ NEL/d in week 2 to −12.4 ± 12.2 MJ NEL/d in week 15 (Figure 8). CV values varied between 0.32 in week 3 and 1.01 in week 10.



Mean individual cow EB ranged between −56.4 ± 13.6 kg and 5.2 ± 14.0 MJ NEL/d (p = 0.00; η2 = 0.675), as shown in Figure 9. The CV of EB during the trial period ranged from 0.24 and 2.68 between individual animals.



Other parameters to describe the extent of NEB in early lactation were the timepoint and the value of the nadir. A total of 71% (n = 20) of the dairy cows reached the nadir in weeks 2 and 3 with a mean value of −82 MJ NEL/d. A total of 25% (n = 7) reached the nadir between weeks 4 and 7 with a mean value of −49 MJ NEL/d. One cow achieved the nadir in week 10 with a value of −13 MJ NEL/d. These values also showed a large variation in the course of energy balance in early lactation.



No significant correlation between BCS and EB and BCS changes and EB could be detected over the weeks of lactation (p > 0.05; −0.07) but mean BCS and mean EB of the individual dairy cows were significantly positive correlated (p = 0.025; 0.42).



To further analyze the cows with different energy balances, the cows were retrospectively grouped in quartiles based on average energy balance between weeks 2 and 15 of lactation. Cows with the lowest mean energy balance between weeks 2 and 15 of lactation reached higher values than cows in the other quartiles in mean milk yield (p < 0.05), milk fat content, fat:protein ratio (p < 0.01), ECM yield (p < 0.01), energy requirement for production (p < 0.05), and total energy requirement (p < 0.05), but also reached the lowest mean DMI, the lowest energy supply, and the lowest energy balance (p < 0.001). Milk protein content was highest in the upper quartile (p < 0.01) (Table 3).



Linear regression between sub-variables and EB showed a strong positive trend for the CV of ECM (p < 0.01), indicating that the variation in energy balance is essentially influenced by the variation in milk yield. Variation in DMI or OMD showed no significant effect on variation in EB (Table 4).





4. Discussion


In the conventional approach, energy balance is often deduced from a modeled curve for an average cow in a group or herd [43], with individual animals in a group or herd usually deviating from this virtual cow. However, neither deviations from the average nor variations in sub-variables and the corresponding EB between individual animals and over time are usually unconsidered [26].



4.1. Variation in Energy Supply Variables


Feed intake, defined as DMI per day, is the most important component of nutrient and energy intake in dairy cows. During the study, DMI increased from a mean of 14.3 ± 2.3 kg in week 2 to 22.1 ± 2.3 kg in week 11. This course was similar to the course described by Kessel et al. [44]. The mean between-cow CV in DMI during the trial period was 0.13, with a range between 0.09 (week 9) and 0.17 (week 2). The mean CV was similar to the between-cow CV value of 0.14 we estimated from the meta dataset of Huhtanen et al. [45] and slightly lower than the CV value of 0.18 we estimated from the meta dataset of Cabezas-Garcia et al. [46] and the CV of 0.20 between days 5 and 100 of lactation reported in Collard et al. [11]. Besides the large variation between dairy cows, there was a large variation in DMI with CV values between 0.05 and 0.25 within individual cows during early lactation. This makes an accurate prediction of DMI for individual animals nearly impossible. Although the variation in DMI has often been described, it has not yet been considered in the assessment of energy balance. The large variations in DMI can be explained by interactions between a variety of influencing factors.



Besides the factors of feed composition, environment, and management, which were the same for all animals in this study, DMI was affected by the number of meals consumed per day, the length of meals, and the rate of eating during meals as well as by different mechanisms that may affect the total daily DMI between cows [47,48]. These can be roughly divided into physical (e.g., rumen filling), endocrine (e.g., gut peptides), and metabolic (e.g., oxidation of fuels) regulatory mechanisms that additively decide when to start or stop a meal [49,50]. However, social interaction and possible social stress due to ranking as well as health status and milk yield also influence DMI levels [48,49].



Differences of up to 6.7 kg DMI/d were found when comparing predicted DMI to measured DMI (Table 2). Although the accuracy of the Gruber model was high compared to other estimating equations [37], the results once again show that estimating animal-specific feed intake based on herd average values is not very reliable. This applies even more so given the dynamic developments within individual animals during early lactation.



Despite the difference in the feeding ration compared to other studies, the mean value of OM (729 g/kg DM) was only slightly lower than the mean value of Cabezas-Garcia et al. [46], who reported a mean value for OM of 740 g/kg DM, which was very similar to the OM digestibility value of 728 g/kg presented in a meta-analysis by Huhtanen et al. [51] and also to the TDN value of the TMR (732 g/kg). The mean between-cow CV of OMD during the trial period was 0.03, with a range between 0.02 and 0.03. In recent meta-analyses, lower CV values of OMD of 0.014 [52] and 0.013 [46] were reported. The results demonstrate that there is comparably little variability among early-lactating dairy cows in their ability to digest a given diet. The individual cow CV was also low with a range between 0.02 and 0.04.



To facilitate comparability with the common method of EB calculation, total energy supply (TES) was calculated by multiplying DMI with the NEL value calculated with the TDN value of the TMR instead of the animal individual OMD. This is the reason why similar variations in TES and DMI were observed within and between animals.



During the first weeks after calving, when variations in DMI and TES between cows are especially relatively large, DMI and TES values gained from estimation formulars lack accuracy. Only by focusing on the individual animal and considering the animal-specific variation is it possible to obtain a more accurate assessment of the energy supply of the animals. The above-mentioned alternative calculations by means of estimation equations are currently not accurate enough at the individual animal level and require a high additional effort, which is in practice not accepted due to the limited possibilities of direct intervention (e.g., if the DMI is too low). Suitable technologies, especially for recording animal specific DMI, are not currently available in practice. At the same time, several projects are working on a way to measure feed intake [53].



In order to reduce the rate of animals in a group with insufficient energy supply, the establishment of feeding groups based on the nutrient and energy demand is one approach among others [54]. In this context, McGilliard et al. [55] suggested grouping cows by energy and protein requirements using clustering algorithms rather than by milk yield, as is traditionally done. Such grouping can reduce within-group variation and increase differentiation of a cross-group variation.




4.2. Variation in Energy Requirement Variables


Due to the early stage of lactation and the fact that only multi-lactating cows were considered in this study, only energy requirements for maintenance and performance and not for growth or pregnancy were considered with regard to energy output. Compared to our study, Poncheki et al. [56] reported a similar mean body weight for multiparous dairy cows at calving of 676.7 kg but a higher loss in body weight of up to more than 50 kg. Gross et al. [57] also described a greater body weight loss of around 56 ± 4 kg in the first weeks after calving, which is a response to NEB. Due to the comparatively small changes in body weight, the maintenance requirements only fluctuated moderately between 38.5 ± 2.6 (week 2) and 38.0 ± 2.8 MJ NEL (week 12), but high variation with CV values between 0.01 and 0.04 could be detected. Being only an average of 24% of total energy requirements, maintenance energy requirements played a rather subordinate role in the variables influencing the energy balance. Furthermore, they can be well determined, and changes can be readily identified in practice by regular animal weighing.



Milk production was high with a mean value of 45.9 ± 6.2 kg/d and was similar to values in other experiments in which cows were fed a diet with 160 g/ kg CP and 7.0 MJ NEL/kg DM during early lactation [58]. Azizi et al. [59] also reported similarly high ECM yields during early lactation in multiparous dairy cows with a mean of 44.5 kg/d with a similar level of energy concentration in the rations (6.99 MJ NEL/kg DM). Weekly CV values of EM ranged between 0.1 (week 11) and 0.2 (week 2). Besides the large variation between dairy cows, there was a large variation in ECM with CV values between 0.05 and 0.25 within individual cows during early lactation, which also resulted in a large variation in energy requirement for production. Furthermore, the variation in ECM showed a significant influence on the variation in EB. DeVries and Veerkamp [43] and McParland et al. [60] also reported a negative genetic correlation (−0.29) between milk yield and predicted EB. In contrast to the energy requirement for maintenance, the energy requirement for production was much higher and accounted for nearly 78% of total energy requirement, and is thus critical to the level of energy balance. The level and variation of energy requirements for maintenance and production resulted in a wide variation of total energy requirements between animals, especially at the beginning of lactation.



However, total energy requirements of individual animals also varied during the experimental period with CV values ranging from 0.03 to 0.14. At the minimum, TER averaged 140.9 ± 19.7 and at the maximum, 205.2 ± 10.7 MJ NEL/d. This range shows that it is almost impossible to compare the energy requirements of animals kept and fed under exactly the same conditions and at the same stage of lactation. However, because McNamara [61] also described a variation in energy requirements for cows kept under similar conditions, the observed variation between individual cows can be considered as usual in herds. Because of the huge variation and the importance of the amount of energy requirement, it is necessary to control the sub-variables of energy requirement. To control energy requirement for production, milk quantity and quality records can already be used in practice to regularly collect data, map lactation curves, and identify changes in energy requirement. In addition to recording live weight and calculating the energy requirement for maintenance, this data also allowed for a comparatively good estimate of energy requirements for production. However, because of a lack of suitable processing and linking of the data as well as suitable animal-specific instructions for action, the step of calculating energy requirements is currently still mostly omitted in practice. With regard to the potential further development of on-farm technical hardware and software, a first could be conducted to record the level of animal-specific energy supply and reconcile it with the demand.




4.3. Variation in Energy Balance


Due to the exact recording of the sub-variables and the realizable comparison of supply and demand, it was possible to map the animal-specific energy balance during lactation. The values of the calculated energy balance (EB) increased during the experimental period from −74.8 ± 24.9 MJ NEL/d in week 2 to −12.4 ± 12.2 MJ NEL/d in week 15. Variation in the variables resulted in an increase in the CV of EB. The CV varied from 0.32 at week 3 to 1.01 at week 10. Mean individual cow EB ranged from −56.4 ± 13.6 kg to +5.2 ± 14.0 MJ NEL/d (p = 0.00; η2 = 0.675) (Figure 9). The CV of EB during the experimental period ranged from 0.24 to 2.68 between animals. This corresponded to the results obtained by Beerda et al. [20], Kessel et al. [44], and Jorritsma et al. [26], who reported a large energy deficit and a large variation between animals during this period. A total of 71% of the trial cows reached the nadir in weeks 2 and 3 with a mean value of −82 MJ NEL/d. These results are similar to the course observed by DeVries et al. [62] and Jorritsma et al. [26], who described a timeframe between 2.5- and 12-days p.p. in which most cows reached the lowest of all EB values. Furthermore, the study revealed a wide variation in the depth of the nadir between individuals. In a study investigating the onset of luteal activity in association with NEB, DeVries and Veerkamp [43] also reported a wide variation in the depth of the nadir between individuals. In a further study, the balance between energy supply and energy requirement was on average attained at approximately week 10 p.p. (72 d p.p.) [62]. Other studies reported an achievement of positive EB on average in week 6 p.p. (day 41.5 [43] and 45 [63]) with a range of one to 15 weeks (7 and 105 days), respectively, and a standard deviation of three weeks (21 days). In the present study, only 25% (n = 7) reached a positive energy balance by week 15 p.p., indicating a comparably long period of NEB. A common EB pattern during early lactation is a negative start after calving, followed by a steady increase and then a decrease after return to positive values and stabilization after 17 to 21 weeks p.p. [62]. In order to confirm and establish a continuation of progression, it is necessary to choose a period beyond the 15th week of lactation for future studies. Nevertheless, it is self-explanatory that the longer the duration of NEB, the greater the difficulty for a cow to metabolically adapt [44].



Between cows under standardized conditions, a large variation in numerous parameters was also observed in other dairy related areas. For example, Kessel et al. [44] described remarkable differences in the concentrations of metabolites and hormones during the first weeks after calving. This indicates that the ability to adapt to the metabolic challenge varies greatly between individual animals. Similar results were shown by the comparison of the three groups formed retrospectively based on average EB (Table 3). Animals with a particularly large energy deficit in the first weeks after calving showed the highest milk yield, the highest milk fat content, the lowest milk protein content, the highest fat:protein ratio, and the highest ECM performance. High milk fat content and low milk protein content are the results of postpartum body fat mobilization caused by the energy deficit. The resulting elevated fat:protein ratio can be used as a first indicator of a negative energy balance. If the fat:protein quotient rises above 1.3 in the first weeks after calving, an increased risk of ketosis can be assumed [64,65]. Overall, these animals showed the lowest energy intake, caused by the lowest DMI and at the same time, the highest energy requirement and the highest OMD. A reason for the highest OMD could be the deficient situation caused by low DMI, where digestion is more effective because of a lower passage rate [24,25].



As part of an additional animal check, the BCS of the individual animals was also assessed during the course of lactation. In practice, this is often used as an indicator for the energetic deficit of the cows as it can be determined relatively easily under farm conditions. In this study, animals with a particularly large energy deficit in the first weeks after calving reached the highest BCS and BW changes between weeks 6 to10, whereas animals with medium or lower energy deficit reached the highest negative changes between weeks 2 to 5. In addition, the group of animals with the largest deficit was not able to reach positive BW changes during the course of study and reached peak milk nearly a week later (week 4.7; 51.8 kg ECM/d) with the highest peak milk in comparison to the average value of the group with the lowest deficit (week 4.0; 44.4 kg ECM/d) during the first weeks after calving. In the presented study, the group of animals with a particularly large energy deficit in the first weeks after calving was not able to adjust their body fat mobilization to the level of energy needed for milk yield. If sufficient energy cannot be provided by body fat mobilization, there is an increased risk of disease due to metabolic overload [16]. The variation in peak milk, BW, and BCS changes were high and only a low correlation between the mean EB and the mean BCS value was found. No correlation could be proven between the EB and BCS values in the course of lactation. The BCS is suitable for monitoring the body condition of the animals, the observation of which is particularly important at the beginning of lactation, but in this study can be seen to have only a slight correlation with the extent of the calculated energy balance. Other ways to monitor health status may include the measurement of blood plasma NEFA concentration, but these were not determined in this study. Both factors have already been demonstrated as indicators of NEB in other studies [29,66], but do not allow for mapping of the extent of variation between individuals nor identification of the causal variable responsible for NEB. However, with the help of energy balancing, it is possible to address several components and thus obtain a comprehensive overview of the energy situation of the animals. This is highly relevant, especially with regard to the close link between negative EB and the occurrence of production diseases. To achieve a long-term reduction in production diseases through the early detection of animals at particularly high risk, knowledge of individual energy and nutrient availability as well as the corresponding variables and the variation within and between dairy cows is of great importance, especially in early lactation. The high variation in the sub-variables of the energy balance between and within cows during early lactation indicates the necessity to monitor the available nutrient and energy amount on an individual animal basis. In addition to monitoring, there is also a necessity for continuous adjustment of demand and supply [67]. Only when the extent of NEB and the variation between individual animals is known can target oriented options for action be taken. A less frequently discussed potential management measure to improve NEB in early lactation is to temporarily reduce milking frequency, for example, to once-daily milking at the beginning of lactation [68,69,70]. Lower milking frequency at the beginning of lactation reduces energy loss for milk production. This results in less metabolic disturbance and a reduction in immunosuppression without negative effects on the rest of lactation [70].



However, in the long-term, breeding objectives must be modified to focus on a more consistent lactation curve, lifetime performance, and longevity rather than milk yield and peak performance. The concentration on breeding for increased milk yield has simultaneously resulted in lower energy balances and continued focus on performance improvement can be expected to have serious consequences for cow metabolism, animal health, and failure costs [9,60].





5. Conclusions


The results of the present study showed a large intra- and interindividual variation in the sub-variables of energy requirements, energy supply, and finally, in energy balance during early lactation. When farm management is challenged to balance the trade-offs in dairy production between animal needs and economic demands, the results indicate the need to monitor available nutrient and energy levels on an individual animal basis and to continuously adjust energy supply. To date, little consideration has been given to the variation in energy supply between and within individual animals over a period of time because of the difficulty in collecting the information needed to calculate EB under practical conditions. The variation between individual animals as well as the extent of the negative energy balance show that the current herd-based approach to assessing the energy situation is not sufficiently target-oriented in determining the animal-specific requirements and enabling a supply that meets the requirements. In order to achieve economically fundamental long-term reductions in production diseases and a consequent containment of useful lifespans by early identification of animals with a particularly high risk of production diseases, knowledge of the individual energy and nutrient availability, corresponding sub-variables, and the variation within and between dairy cows is essential, especially in early lactation. The focus on individual animal care pays off by reducing health and economic risks and thus represents a good investment, regardless of the individual farm situation.
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	ADF
	acid detergent fiber



	ADFD
	digestible acid detergent fiber



	aNDFom
	neutral detergent fiber assayed with heat-stable amylase and expressed exclusive of residual ash



	ANOVA
	analysis of variance



	CP
	crude protein



	CPD
	digestible crude protein



	CV
	coefficient of variation



	CVAS
	Cumberland Valley Analytical Services Inc.



	DM
	dry matter



	DMI
	dry matter intake



	EB
	energy balance



	EE
	ether extract



	ESC
	ethanol-soluble carbohydrates



	GLM
	generalized linear models



	iNDF240
	240 h in vitro indigestible neutral detergent fiber



	IQR
	interquartile range



	LMM
	linear mixed model



	NDFD
	digestible neutral detergent fiber



	NEFA
	non-esterified fatty acids



	NEB
	negative energy balance



	NEL
	net energy for lactation



	NIRS
	near infrared reflectance spectroscopy



	OM
	organic matter



	OMD
	digestible organic matter



	RIC
	roughage intake control



	RSE
	relative standard error



	SD
	standard deviation



	SP
	soluble protein



	TDN
	total digestibly nutrient



	TER
	total energy requirement



	TES
	total energy supply



	TMR
	totally mixed ration
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Figure 1. Dry matter intake (kg/day) measured between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points above and below the box; data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 
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Figure 2. Total energy supply (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers that extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 
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Figure 3. BCS data of dairy cows (n = 28) between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 
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Figure 4. BCS change between two weeks of dairy cows (n = 28) between week 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 






Figure 4. BCS change between two weeks of dairy cows (n = 28) between week 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR).



[image: Dairy 03 00027 g004]







[image: Dairy 03 00027 g005 550] 





Figure 5. BCS data between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 






Figure 5. BCS data between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR).
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Figure 6. Energy requirement for production (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 






Figure 6. Energy requirement for production (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR).
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Figure 7. Total energy requirement (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lie more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 






Figure 7. Total energy requirement (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lie more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR).
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Figure 8. Energy balance (MJ NEL/d) of dairy cows (n = 28) between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 






Figure 8. Energy balance (MJ NEL/d) of dairy cows (n = 28) between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR).
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Figure 9. Energy balance (MJ NEL/d) calculated between weeks 2 and 15 postpartum (p.p.). In each subfigure, the boxplots respectively highlight the median, upper, and lower quartiles of each week. Box whiskers extended to the most extreme nonoutlier data points were considered as outliers if they lay more than 1.5 times the interquartile range from the edge of the box. Small circles = outliers (1.5 × interquartile range (IQR)); asterisks = extreme values (3 × IQR). 
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Table 1. Ingredient and chemical composition, and energy content of the total mixed ration.






Table 1. Ingredient and chemical composition, and energy content of the total mixed ration.





	
Diet Composition (g/kg) a

	
Chemical Composition (g/kg) b




	

	

	

	
Mean

	
SD






	
Beet pressed pulp silage

	
188.3

	
Dry matter

	
402.0

	
13.8




	
Grass silage

	
97.0

	

	

	




	
Grass hay

	
74.7

	
OM

	
931.4

	
3.8




	
Maize silage

	
259.6

	
CP

	
157.4

	
8.1




	
Concentrate

	
380.4

	
SP

	
63.2

	
7.3




	

	

	
EE

	
43.0

	
2.4




	

	

	
aNDFom

	
355.1

	
8.8




	

	

	
ADF

	
219.3

	
4.9




	

	

	
Lignin

	
28.3

	
1.2




	

	

	
iNDF240

	
86.4

	
4.5




	

	

	
Starch

	
182.3

	
14.8




	

	

	
ESC

	
63.1

	
3.4




	

	

	
TDN c

	
732.0

	
5.0




	

	

	
Energy (MJ/kg DM)

	

	




	

	

	
NEL d

	
7.0

	
0.0








a,b Diet and chemical composition reported on 105 °C dry matter. Averaged values based on weekly conducted feed analysis; diet was offered as TMR. ADF, acid detergent fiber, expressed inclusive of residual ash; CP, crude protein; EE, ether extract; ESC, ethanol-soluble carbohydrates; iNDF240, indigestible aNDFom; OM, organic matter; SD, standard deviation; SP, soluble protein. c TDN (g/kg), Total digestibly nutrient values for TMR samples were calculated from the TDN value using Equations (2)–(5) by [5]. d NEL for TMR samples were calculated from the TDN value using Equations (2) and (3) by [5].
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Table 2. Predicted DMI vs. measured DMI during different stage of early lactation (n = 28).
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	Up to 4th

Week of Lactation
	Up to 8th

Week of Lactation
	Up to 12th

Week of Lactation
	Up to 15th

Week of Lactation





	Intercept
	2274
	2274
	2274
	2274



	country × breed
	HF h (GER + AT) d
	HF h (GER + AT)
	HF h (GER + AT)
	HF h (GER + AT)



	lactation
	2–3
	2–3
	2–3
	2–3



	DIM a
	28
	56
	84
	105



	BW b
	667.16
	663.40
	664.13
	663.33



	MY c
	42.66
	47.50
	46.82
	44.72



	Concentrate proportion
	38.10
	38.10
	38.10
	38.10



	NEL value of forage
	6.80
	6.80
	6.80
	6.80



	Predicted DMI e
	23.49
	25.52
	26.01
	25.77



	Mean measured DMI
	16.79
	20.13
	21.72
	21.39



	SD measured DMI
	2.60
	2.51
	2.34
	2.71



	CV measured DMI
	0.15
	0.12
	0.11
	0.13



	Mean max DMI
	22.12
	24.89
	25.79
	25.77



	Mean min DMI
	11.27
	15.23
	16.94
	15.07



	Difference mean predicted and measured DMI
	6.70
	5.39
	4.29
	4.38







a DIM, days in milk. b BW, body weight. c MY, milk yield. d HF h (GER + AT), Holstein Frisian breed on a high management level, in Germany GER) and Austria (AT). e DMI, dry matter intake.
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Table 3. Mean, SD, min, and max values of early lactating dairy cows grouped in quartiles according to mean energy balance observed between weeks 2 and 15 of lactation.
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Quartile of Mean Energy Balance Value during Early Lactation

	




	
Lower Quartile (<25%)

	
Intermediate Quartile

	
Upper Quartile (>75%)

	




	
Mean

	
SD

	
Min

	
Max

	
Mean

	
SD

	
Min

	
Max

	
Mean

	
SD

	
Min

	
Max

	
p






	
Lactation

	
3.2

	
0.8

	
2.0

	
4.0

	
2.9

	
1.6

	
2.0

	
8.0

	
3.0

	
1.1

	
2.0

	
5.0

	




	
Milk yield (kg/d)

	
47.8 a

	
5.2

	
35.0

	
56.5

	
46.7 ab

	
5.9

	
25.4

	
61.0

	
41.9 b

	
4.8

	
19.0

	
50.4

	
*




	
Milk yield (kg/d) in 1st milk check

	
42.1 a

	
3.9

	
36.4

	
47.6

	
39.6 ab

	
6.4

	
25.4

	
46.2

	
35.9 b

	
8.9

	
19.0

	
44.6

	
*




	
Milk fat (%)

	
3.9

	
0.9

	
2.5

	
6.2

	
3.7

	
0.7

	
2.1

	
5.8

	
3.6

	
0.7

	
2.4

	
6.4

	
NS 1




	
Milk protein (%)

	
3.0 b

	
0.3

	
2.6

	
3.7

	
2.9 b

	
0.2

	
2.5

	
3.9

	
3.2 a

	
0.2

	
2.8

	
3.9

	
**




	
Ratio fat:protein

	
1.3 a

	
0.3

	
0.9

	
2.4

	
1.2 ab

	
0.2

	
0.8

	
1.7

	
1.1 b

	
0.2

	
0.7

	
1.7

	
**




	
ECM (kg/d)

	
45.8 a

	
5.2

	
34.0

	
56.5

	
43.5 ab

	
6.0

	
25.6

	
60.8

	
39.4 b

	
5.6

	
16.7

	
50.4

	
*




	
ECM (kg/d) in 1st milk check

	
48.0 a

	
4.2

	
41.4

	
53.1

	
43.3 ab

	
8.9

	
25.6

	
52.4

	
38.7 b

	
10.8

	
16.7

	
49.9

	
*




	
Week of Peak Milk

	
4.7

	
2.7

	
2

	
9

	
4.3

	
2.3

	
2

	
9

	
4.0

	
2.8

	
2

	
10

	
NS




	
Peak Milk (kg ECM/d)

	
51.8 a

	
3.8

	
46.3

	
56.5

	
48.6 ab

	
6.3

	
37.8

	
60.8

	
44.4 b

	
5.0

	
36.6

	
50.4

	
*




	
Body weight (BW) (kg/d)

	
669.1

	
76.1

	
574.5

	
801.4

	
653.7

	
43.6

	
565.6

	
781.2

	
682.1

	
69.2

	
604.5

	
841.9

	
NS




	
BW changes wk 2–5

	
−2.7

	
14.8

	
−32.6

	
12.4

	
−3.6

	
19.7

	
−41.7

	
30.2

	
−16.7

	
19.8

	
−43.2

	
3.4

	
NS




	
BW changes wk 6–10

	
−3.4

	
11.1

	
−20.0

	
15.1

	
5.7

	
24.6

	
−46.3

	
44.6

	
11.7

	
16.3

	
−5.2

	
44.5

	
NS




	
BW changes wk 11–15

	
−1.3

	
6.3

	
−10.6

	
3.6

	
1.2

	
23.3

	
−35.1

	
37.9

	
18.3

	
20.1

	
−6.8

	
47.5

	
NS




	
BCS

	
2.9

	
0.4

	
2.3

	
3.8

	
2.8

	
0.3

	
2.3

	
3.5

	
3.2

	
0.4

	
2.8

	
4.3

	
NS




	
BCS (1st test)

	
3.3

	
0.4

	
2.3

	
3.8

	
3.0

	
0.2

	
2.8

	
3.3

	
3.3

	
0.4

	
3.0

	
4.0

	
NS




	
BCS changes wk 2–5

	
−0.1

	
0.2

	
−0.4

	
0.3

	
−0.1

	
0.2

	
−0.5

	
0.0

	
−0.1

	
0.3

	
−0.6

	
0.3

	
NS




	
BCS changes wk 6–10

	
−0.4

	
0.3

	
−0.8

	
0.0

	
−0.1

	
0.1

	
−0.3

	
0.0

	
0.2

	
0.4

	
−0.1

	
0.8

	
NS




	
BCS changes wk 11–15

	
0.1

	
0.3

	
0.0

	
0.5

	
0.0

	
0.1

	
−0.3

	
0.3

	
0.0

	
0.4

	
−0.8

	
0.5

	
NS




	
DMI (kg/d)

	
19.2

	
3.2

	
10.9

	
26.3

	
20.2

	
3.3

	
10.1

	
26.5

	
20.6

	
3.0

	
12.2

	
26.1

	
NS




	
OMD(g/kg)

	
731.0

	
21.3

	
681.9

	
774.8

	
728.5

	
19.6

	
667.3

	
786.6

	
727.2

	
19.0

	
679.2

	
787.6

	
NS




	
TES (MJ NEL/d)

	
134.4

	
22.9

	
76.2

	
185.7

	
141.6

	
23.0

	
70.9

	
186.6

	
144.0

	
20.7

	
85.6

	
181.5

	
NS




	
ES as a multiple of ERmain

	
3.2

	
0.5

	
1.9

	
4.1

	
3.4

	
0.6

	
1.7

	
4.7

	
3.4

	
0.5

	
1.8

	
4.3

	
NS




	
ERmain (MJ NEL/d)

	
38.5

	
3.3

	
34.4

	
44.1

	
37.9

	
1.9

	
34.0

	
43.3

	
38.7

	
3.3

	
33.7

	
45.8

	
NS




	
ERpro (MJ NEL/d)

	
143.7 a

	
16.3

	
106.1

	
177.4

	
136.3 ab

	
18.9

	
80.4

	
191.3

	
123.5 b

	
17.8

	
52.5

	
158.5

	
*




	
TER (MJ NEL/d)

	
182.2 a

	
18.1

	
143.7

	
221.5

	
174.2 ab

	
18.6

	
117.2

	
229.0

	
162.2 b

	
17.0

	
93.7

	
197.5

	
*




	
EB (MJ NEL/d)

	
−47.6 c

	
26.0

	
−107.2

	
−7.1

	
−32.8 b

	
21.5

	
−101.4

	
10.7

	
−18.2 a

	
21.7

	
−84.5

	
23.9

	
***








a,b values with different superscripts within the same line are significantly different. 1 NS = not significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 4. The effect of variation in sub-variables on variation in energy balance (EB) (n = 28).
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	Variable
	Estimate
	SE a
	p





	Intercept
	−1.498
	0.631
	0.026



	CV DMI b
	0.382
	2.297
	0.869



	CV OMD c
	−9.015
	18.202
	0.625



	CV ECM d
	12.444
	3.468
	0.001



	R²
	0.375
	
	







a Standard error. b Coefficient of variation of dry matter intake. c Coefficient of variation of organic matter digestibility. d Coefficient of variation of energy corrected milk.
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