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Abstract

:

Grazing pasture quality and availability, and grazing animal performance, depend on ecological and weather conditions and grazing management. The latter can be improved by remote monitoring of animals and grazed forage. The aim of this study was to test the ability of a new remote-monitoring system to improve cow and pasture performance. The study used 20 collars for a herd of 40 cows, precision technology to monitor each collared cow’s location and activities 24 h per day, and herd-management system (HMS) software to optimize grazing-land and animal performance. The study covered 4 consecutive years of reproductive cycles and seasonal feed supplements. The selected forage’s metabolizable energy (ME) calculated by the HMS was significantly correlated with the ME calculated by fecal near-infrared spectroscopy analysis (rp = 0.91, p < 0.001). Cows’ daily activities (walking, grazing, resting, and average daily meal duration), energy balance, and forage quality changed with the seasons, mainly affected by the timing, duration, and volume of precipitation. The HMS well identified sickness events, forage quality and availability, cows’ retained energy, and grazing-land stocking rate (2.9 ha/cow). A significant increase in weaning rate along the 5 years of the study (rp = 0.921, p < 0.01) was found.
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1. Introduction


The energy requirements of cow–calf operations worldwide are mostly based on natural grazing pastures that are affected primarily by climate conditions. Wise grazing management at optimal grazing intensity throughout the year can serve to maintain the forage at optimal conditions of maturity (young and productive, i.e., high metabolizable energy (ME) with high biomass production) [1]. Consequently, it can also improve the grazing herd’s energy source for production and improve the grazing land’s ecological status [1]. Daily remote monitoring of the herd’s energy balance (EB) components and of the grazing land’s forage quality and availability—calculated from the grazing behavior of the cattle and using grazing bout duration (GBD) as an index for biomass availability [2,3]—can significantly improve grazing-land management.



Daily remote monitoring of the grazing cows’ health and reproductive events, based on their behavior, can also significantly improve individual and herd health status. Such monitoring can provide early detection of estrus events, breeding bulls’ functioning, and cows’ conception and calving dates. It can also be used to identify predation events, extreme heat load, shortage of water, etc. Early response to these events can significantly improve herd production and grazing-land production efficiency.



Climate change and global warming are expected to affect traditional grazing management, such as stocking rate for each specific habitat. When the grazing animal’s total EB is measured and the concomitant grazing area (ha) is known (by using GPS information), the optimal stocking rate of the specific grazing-land habitat can be simply calculated. Using the suggested remote-monitoring information to determine the stocking rate for each specific grazing habitat could significantly improve grazing-land management, e.g., by preventing deterioration due to overgrazing or the fire damage that can result from too low grazing pressure.



In the last few decades, the measurement of heat production (HP) of free-range grazing animals using continuous heart-rate measurements calibrated to the HP via the heart rate–O2 pulse method has been well validated [4,5]. Measurements of free-grazing cows’ HP, ME intake (MEI) and forage ME have shown that the cow’s HP is significantly positively correlated with its MEI [6]. Thus, for free-grazing cows, the herd’s average MEI can be significantly estimated from the HP measurement [5]. This enables the estimation of the total EB of free-range grazing animals (MEI−HP−activity (walking and grazing) energy costs = recovered energy (RE)). The RE (MJ/day) represents the energy retained in the body plus milk energy.



A method that uses motion sensors and GPS to determine grazing cows’ activities was investigated and established [7], which also enabled characterization of the animals’ foraging behavior on different grazed terrains and in different seasons [8]. Studies in which the grazing cows’ behavior and location were simultaneously measured with HP and forage quality [9,10,11,12] opened the potential ability to determine cow’s EB variables from grazing cows’ behavioral activities. After analyzing the data in these studies, we found a high correlation between cows’ daily time spent grazing, EB components and the quality of the grazed forage. We found that the cow’s daily grazing time, dry matter intake (DMI), MEI, and RE increased with increasing forage ME. We explained this positive correlation by the dependence of cows’ DMI and MEI on their digestion rate, i.e., mean retention time of the digesta in the rumen. When forage quality increased, it was digested more rapidly in the rumen, i.e., the mean retention time decreased and consequently, the DMI and thus the MEI (DMI × ME) increased.



The hypotheses of this study were: (i) cows’ EB, grazing-land forage quality and availability status, and cow health and reproductive events can be determined from the daily cow behaviors of walking, grazing, resting, and average daily GBD (i.e., average daily meal length), and cow location; (ii) cow–calf grazed herd owner can use the real time information of grazing behavior parameters to improve grazing-land and herd management and consequently, to increase the herd performance; (iii) data analysis of the remote-monitoring information can be used to determine the optimal stocking rate for each combination of animal and grazing-land habitat, and consequently improve grazing-land management and production.



The study aims were: (i) to investigate the potential of using remote monitoring of the grazing herd for estimating the grazing-land forage quality and availability, and the energy balance variables of the herd in order to improve herd performance and grazing efficiency; (ii) to validate the estimation of grazing-land forage quality and availability, and the energy balance variables and HMS identification of cow health events of grazed herd cows; (iii) to test the potential of HMS output data to recommend the grazed cows’ optimal stocking-rate capacity for a specific grazing-land habitat.




2. Materials and Methods


2.1. Main Experimental Site and the Sites for Preliminary Measurement Data


The main study was conducted at the Karei Deshe Experimental Station situated on rocky basalt slopes near the junction of the Jordan River and Lake Kinneret (Sea of Galilee), Israel (lat. 32°55′ N, long. 35°35′ E, alt. 80–150 m above sea level). All the farm herds, including the study herd, grazed on the same soil, forage species variety, and weather conditions. The forage plants’ variety was not significantly different among farm grazing plots, including the study herd plot. The site has a Mediterranean climate, characterized by two distinct seasons: wet and mild rainy winters (October–April) and a dry, hot summer (May–September). The winters with mean minimum and maximum temperatures of 11 and 19 °C, respectively. The average annual rainfall is 570 mm, falling mostly in winter. The summer season is rather dry and hot, with mean minimum and maximum average temperatures of 22 and 34 °C, respectively. These dry conditions with no rain last for at least 6 months. The soil in the experimental area was basaltic, with slopes generally less than 10%, and shallow soil cover (rarely deeper than 60 cm) of the basaltic rock. The vegetation is characterized by species richness: a total of 166 herbaceous plant species were identified in the experimental plots from 1994 to 1997 [13]. The area of the study plot was 77.86 ha, alt. 220–350 m; it was mainly trapeze-shaped, with a north base (the higher plot altitude) of width 1 km, and a south base (the lower plot altitude) of width 0.5 km, and 1 km between them. The grazing area had one water trough in the lower (south) area of the plot, near the feed trough for supplemented feed. A high eucalyptus grove of about 120 × 120 m2, about 750 m from the water trough, supplied enough shade for the herd during their resting hours in the summer.



Along the study years when the study plot biomass was too low, we used alternative grazing plots. It occurred from 24 January 2017 to 12 May 2017 and from 14 April 2019 to 21 July 2019 when the respective GBD at the decision date (a week before plot changed) was 52 s and 38 s, and the respective measured biomass (a constant harvest section) was 340 and 829 (kg DM/ha) on 11 December 2016 and 3 March 2019. The first used alternative plot was an east neighboring plot (only a fence separate between the plots). The second alternative plot was 300 m south of the study plot; the respective plots sizes were 63.8 and 88.9 ha.



In this paper, we also use preliminary measurements data that were taken from the herds of Kibbutz GalEd and Kibbutz Kefar-Szold, located 60 km southwest and 30 km north, respectively, of the main study location. The main study’ metrological data of precipitation, ambient temperature, and relative humidity measurements were taken from a weather station located 100 m south of the southern edge of the study plot.




2.2. Collars and HMS Software


The collars used three axes of accelerometer output calculated as the sum of squares, and three thresholds for determining, every 4 s, cows’ daily activities: resting, grazing, walking, number of meals per day, and mastication at rest (h/day), i.e., the daily rumination length. Cow location was measured by GPS three times per day. The collar battery was recharged by solar panels. The data were transmitted, daily after midnight, by satellite (Globalstar https://www.globalstar.com, assessed on 2 December 2021), analyzed in the MOOnitor server by the HMS, and arrived to the user (smartphone and PC) via the cloud. For research purposes, the collars recorded the cattle activities and locations in several frequency modes, throughout the day. Data were saved in the collar logger and downloaded to PC by radio-frequency (RF) module. The HMS calculates, summarizes and presents information daily (smartphone and PC) on the individual cows’ events, and herd actual consumed diet ME and energy balance data as described in Section 1.




2.3. Animal Measurements, Herd Management and Feed Supplementation


All procedures involving animals in the present study were approved (approval no. 560/14 IL) by the Israeli Animal Experimentation Ethics Committee (Bet-Dagan, Israel; Volcani Center). In the first year of the study, all of the selected cows were pregnant. Later in the study, the herd performance was part of the study results.



All the cows in the study herd were managed as a unit; individual alerts were treated individually and were applied to the herd management when it was relevant. We did not test performance differences between collared and collarless cows (see tests in the Supplemental file Figure S2).



Yearly management of the study cows was similar to the regular management of the Karei Deshe farm herds. However, the information received from the HMS output data on health events, nutrition state and cows’ EB, including forage availability as measured by GBD, were translated to herd management actions. Management decisions were mainly related to: (i) prevention of moving cows to another plot during the calving season, (ii) timing of supplement administration, (iii) date for moving the herd to another grazing plot, and (iv) early treatment of sick cows. For more detailed information, see the supplemental file, the flow diagram schema, and its text.



For reproductive management, breeding bull fertility was tested before their introduction to the herd. Breeding bulls stayed with the herd from October to May. Cow pregnancy tests were conducted between August and October. Cows were weaned in May to June.



For feed supplementation, broiler poultry litter (PL; chicken dung) was routinely supplemented after weaning, or close to it, when the forage was dry and its quality low. PL supplementation was ended when the cows stopped eating it and started to graze on the newly germinated high-quality forage, about 10 days (depending on the temperature) after a significant amount of rainfall (about 20 mm in a week). The PL was given with no special pretreatment. PL intake was measured for all groups together. Wheat hay supplement (WH) was given when the GBD value and its slope of increasing at dry season showed that the forage biomass was insufficient and its rate of decrease is high, the cows were close to, or in the calving season (see, study first year, the loss calves event, Section 3.5 of the manuscript) and an alternative grazing plot was less available. This happened mainly in summer to autumn 2018, and a small amount of WH supplement was also given in autumn 2020.




2.4. Forage and Fecal Sampling and Analyses


Forage plant sampling was performed 18 days after the cows entered the experimental plot. Vegetation sampling was performed approximately once every month or two throughout the experimental period. The tests were performed frequently when the changes in grazing conditions were large, (mainly throughout the rainy season and autumn) and at low frequency when the changes were small (spring end and summer start, i.e., the beginning of the dry season). Biomass and forage quality were not tested, when the cows were outside of the experimental plot and when the biomass (young green vegetation) was lower than the determination capacity (approximately less than 300 kg DM/ha).



Fresh fecal samples were taken from the cows in the field while sampling the forage plants.



Forage plant sampling for biomass and nutritional quality analysis was performed by harvesting 6 samples sections lines to represent the plot. The section line was 200 m in length with 20 samples squares of 25 × 25 cm each, a total of 120 squares samples for the plot. All harvest fresh plants squares were weighed. Fresh fecal samples (about 150 g wet) and the harvest fresh plants were dried in a ventilated oven at 60 °C until they were dry (3 to 4 days). Dry plants were weighed for DM content and biomass calculation. Dry plants and fecal were ground. The harvest squares dry plant samples were mixed to represent each samples line section for nutritional ingredients analysis.



Pasture cuttings of mixed plants, and the fecal samples (representing actual nutritional diet ingredients, including digestibility and forage ME calculation) were analyzed by near infrared spectroscopy (NIRS) calibrated to the plot plants’ nutritional composition and to fecal composition, to calculate actual nutritional quality of the consumed diet [14].



During the periods when PL was given as a supplement, the PL samples were taken to determine (by NIRS analysis) its percentage of ash and nitrogen, which was used to calculate its protein contribution.




2.5. Cow and Herd Events


2.5.1. Health Events


Health events were determined by the HMS as: reduction in daily grazing time at the value of a% on day N (the day of the specific event) relative to the average of days (N-8 to N-4). We defined three levels of health events: (i) DMI decrease, a reduction of 30%; (ii) sickness, a reduction of 50%; (iii) severe sickness, when grazing plus walking duration from midnight to noon was less than 3.0 h. Alerts were sent to the farmer at noon and included the cow’s location coordinates.



A herd epidemic alert was sent to the farmer when the percentage of sick cows in the herd was above b% of the number of cows with collars in the herd. For the present study, we did not define the b% value. Thus, the epidemic alert was not applied automatically through the HMS, but it could be clearly identified by the farmers based on the number of sickness event alerts sent in a short period of time.




2.5.2. Reproductive Events


Reproductive events were separated into three alerts: (i) heat detection (estrus), (ii) cow conception (start of pregnancy) date, including the expected calving date, and (iii) identified calving events. Heat detection was determined according to the ratio of walking to resting on day N, corrected to (minus) the average of this ratio calculation for days N-7 to N-4. Conception date was the last heat-detection date. The expected date of calving was set at 280 days after conception, with minor variations relating to cow breed. Calving events could be determined from cows’ behavior and location relative to the herd’s average location, mainly when they were resting. Although those events were identified during the study, an algorithm relating also to cows’ location had not yet been developed in the HMS. For example, a calving event that was identified by the remote monitor: Cow 1206 on 28 January 2020 grazed 11.93 h/d, on 29 January 2020 grazed 6.7 h/d on 30 January 2020 grazed 2.27 h/d, in the morning hours and days before she grazed with the herd, but at evening (18:00) and night (23:00), she was alone 550 m from the closest cow of the herd; on 1 February 20 she grazed 13.12 h and was watched with calves in the herd; all cow locations were monitored by GPS and presented on the HMS.




2.5.3. Heat-Load Events


Heat-load events were defined as a significant reduction in daily grazing and walking activities of the entire herd. Heat load can be easily identified from measurements of cow respiration rate when they are resting. Respiration rate values were presented in real-time collar output mode but were not developed as an automatic algorithm output.





2.6. The Research Stages in Detail


The study was performed from 11 September 2016 to 25 May 2021, spanning almost five consecutive breeding cycles. The breeding cycle was defined from weaning to weaning (roughly the end of spring). PL supplementation started after weaning and stopped (by the cows) when green’ forage was available (in winter). This timing enabled, in four breeding cycles, the coordination of the calculation of yearly energy and nutrition details with the yearly reproductive cycle. Each breeding and nutrition cycle was started with 40 cows and the reproductive performance was calculated on the basis of those 40 cows. Yearly nutrition (grazed forage and supplement feed) and energy calculations were performed according to the actual summed integration of (cows) × (day) in the yearly cycle. On several minor occasional events throughout the study years, the number of cows exited temporarily out of the study herd. This was also happening when cows from neighbor plots entered the study plot. In addition, two breeding bulls were in the herd for several months each year. Thus, the total and daily consumed forage in the study plot and of the supplements were calculated according to the actual number of cattle that actually attended to the study plot.




2.7. Study Animals, Body Weight (BW) and BCS Measurements


The study group consisted of 40 Simmental mixed breed cows. The average age of the cows at the beginning of the experiment was 5.78 ± 0.20 years. Cow BW and BCS (scale 1–5, [15]) were measured 19 times during the study, i.e., their changes were assessed for 18 periods. Cow weighing and BCS measurements were performed more frequently when changes in forage state (quality and biomass) were greater, and also depended on the herd’s regular treatments and owner availability. As used in regular mange commercial herds, cows in the herd were replaced for reasons of infertility or morbidity. The replaced cows (age, breed body conditions) were similar to the study herd—mature cows, of 4 to 6 calving seasons.



Twenty collars were mounted on the study herd. Collars were transferred to other cows in the herd only when a cow with a collar was culling out from the herd. The HMS documented the cows’ daily data throughout the study years. In addition, the collars measured one location per hour, and activity was recorded every 5 min. These data parameters were saved but are not presented in this article.




2.8. Analysis and Validation of the HMS Data


Translation of the cow’s activities by the HMS software should give the farmer most of the information he or she needs to improve herd and grazing-land management and consequently, performance and performance efficiency, i.e., more forage ME production and more weaned calves per unit of grazing land.



2.8.1. Actual Consumed Diet Quality (ME) and Its Validation to the HMS Calculation


This was calculated daily by the HMS. The HMS calculations were compared to the NIRS analyses of fecal samples. We tested this, and the present data taken before the main study (five years and 9 month) began. The diet quality determination represents the actual consumed (selected) forage and the mixing of the consumed forage and the supplemented PL when it was given to the cows.




2.8.2. Validation of the Herd Energy Balance Calculated by the HMS to Those Estimated by BCS Change and by ADG


Herd EB calculated by the HMS was compared to changes in BCS, and to the average daily gain (ADG). This was performed on a one-comparison basis, the ADG (g/day), i.e., the RE in the BW calculated by the HMS (REBWHMS) and the RE calculated from BCS changes present as BW change (g/day) that was mainly calculated as fat tissue (see the following calculations in detail). The calculations were performed for the period that ended at weaning. During this period (until the second trimester of the sequential pregnancy) cows’ gut fill is significantly stable because the cow is far from the calving day. In addition, in this period, the daily gain of the fetus and uterus tissues are minor, while in the last trimester of pregnancy, the fetus and the above tissues’ daily gain are high with a high proportion of protein. In regard to the season effect, the tested period ended at the beginning of the summer where there was sufficient forage biomass. When forage biomass is significantly low, gut fill decreases, and consequently, ADG decreases without direct calculated connection to the cows’ energy balance.



REBWHMS Calculated as Empty BW Changes (kg/day)


In each year in the above defined period (five periods), the RE in the cows’ bodies according the REBWHMS/day (MJ/day) was calculated as: (cow RE (MJ/day) according to HMS)—milk energy (MJ/day)). The REBWHMS/day values were calculated as the change in cows’ empty BW (kg/day) = (REBWHMS, MJ/day)/24.35 MJ/kg). The energy value of 24.35 MJ/kg for empty BW changes was based on the NRC [16], as also used by Brosh et al. [17].




Daily BCS Changes Calculated as Empty BW Changes (ADGBCS, kg/day)


In each period, the ADG (kg/day) according to the changes in BCS was calculated as: (period BCS changes)/(period days) × (84.6 kg) × ((cows’ actual BW in kg)/583 kg). The calculation was based on the NRC [18], according to which, for a cow weighing 583 kg, 1 BCS unit difference is 84.6 kg. We used only one value of the cows’ actual BW (503 kg) for the 15 periods. This was the cows’ average BW for study years 2 to 5, the cows’ average BW of all the 18 periods was similar (499 kg). The cows’ periodic BW changes do not reflect real empty BW changes.



For the expected differences between ADG estimated by HMS to those estimated by BCS changes, pregnancy requirements can use the fat reserve, i.e., decrease the BCS. Consequently, calculations of empty ADG (as fat tissue changes, based on BCS changes) of pregnant cows are expected to be lower than those estimated by the HMS. In early pregnancy, as was in the tested five periods, the energy needs for pregnancy are negligible.





2.8.3. Milk Energy


Average milk production (kg/day) of nursing cows during the nursing period was based on local knowledge of the used breeds. For the present study, we used a constant milk production value during the nursing period of 6.1 kg/day [17]. The milk energy content was calculated as 2.97 MJ/kg.



Yearly milk production (kg/yearly nursing period) for each year was calculated as the daily number of nursing cows with collars as a percentage of all cows with collars.



Milk energy (MJ/day) in each of the days where cows were nursing was calculated as the fraction of the nursing cows (in the cows with collars) in this day multiplied by the milk energy MJ/day.




2.8.4. Individual Cows’ Health, Estrus and Calving Events


Health events were validated by direct observation of the cows. As the collars also transmit the sick cow’s locations, it was relatively easy to find. Estrus detection was only validated at Kibbutz GalEd and Kibbutz Kefar-Szold, by directly observing the cows’ behavior and using the Estrotect color sticker on the tail base (ESTROTECT TM HEAT DETECTOR, Dairymac Animal Health Products). Calving events were mainly recorded weekly; consequently, loss of calves at calving might not be recorded.




2.8.5. Herd Performance: Study Herd vs. Farm Herds


The study herd and the farm herd performances were calculated as (i) pregnancy ratio (number of pregnant cows/number of cows that were at the pregnancy test), and (ii) weaning ratio (number of weaned calves/number of cows in the herd when the herd exposed to the breeding bulls). The weaned calves were counted as those that were nursed by the attendance cows’ in the herd when it exposed to the breeding bulls. In the calculations, the cows from the study herd were excluded from the farm herd.





2.9. Calculations and Statistics


Results were subjected to either Student’s t test or Tukey’s HSD test using SPSS ver. 17 (SPSS Inc., Chicago, IL, USA). Pearson correlation coefficients (SPSS) were used between cows’ consumed dietary ME (MJ/kg DM) calculated by the HMS and that calculated using the fecal NIRS analysis, between the grazed forage quality (ME) to its protein concentration, between the HMS estimation of ADG and its estimation by daily BCS changes and by direct measured ADG, and for the effect of herd management by the HMS on the study herd weaning rate along the five-year period. Results are presented as means ± SE.



For validating the HMS estimation of ADG at the measurement periods (five periods that ended at weaning) (see Section 3.9) we compared the HMS data to ADG calculated from BCS changes and to direct measured ADG. We tested it by using t test: paired two samples of means.





3. Results and Discussion


3.1. Cows Replacement


Total cows replacement throughout the study included 19 cows out of 40 cows in the herd along 4.7 years—an average of 10% of cow replacement per year. However it was not distributed equally along years. The number of cows replaced along the study years were 13, 1, 0, 4, and 1 at years 1, 2, 3, 4, 5, where collared cow replacement was 4, 1, 0, 2, 1 respectively, with a total of 8 cows, which is similar to the cows’ replacement proportion of the collarless-11 cows.




3.2. Validation of the HMS Estimation of Actual Consumed Forage Quality


Prior to the main study, from 2 March 2015 to 18 April 2016, we tested the correlation between the consumed forage quality (ME) calculated by the HMS to that calculated by the NIRS analyses of fecal samples. The tested cows were located at two sites. In the first location, we used five collared cows (for the HMS data) and sampled their respective feces on four dates. The measurements were then continued with 20 collared cows and an additional seven sampling dates. At both sites, five fecal samples were randomly taken, fresh (hot) from the grazing floor and cleaned of all extraneous material. The correlation between the HMS and NIRS ME values (Figure 1) was highly significant (p < 0.001), with a slope of 1.029 and an intercept of −0.197 (MJ/kg DM), which was −10.3% of the average value (9.97 MJ/kg DM) of the 11 tested fecal samples.




3.3. Meteorological Data


The weather parameters of ambient temperature minimum and maximum (°C), relative humidity (RH, %), and calculated thermal humidity index (THI, °F) for heat load throughout the study (average of every 2 weeks) are presented in the Supplemental file Figure S1.



The amounts of precipitation and their distribution during the rainy season (winter) have a great impact on grazing forage production. A monthly summary of the precipitation that accumulated during the rainy seasons of the study years is given in the Supplemental file (Table S1).



Forage plant nutritional values are presented at the supplemental file (Table S2). Forage plant nutritional values are mainly followed the start and end of the rainy season, its rhythms and intensity. Forage quality was highest in winter and lowest in autumn before the new rains. Forage quality (ME) was significantly correlated with its protein concentration (rp = 0.864, p < 0.001).




3.4. Cow BW and BCS throughout the Study and Daily Changes


A comparison of the study cows between collared and collarless cows of their ADG and daily BCS changes did not find any difference between the cows (Supplemental file Figure S2). The study cows’ BW (kg) and ADG (g/day) were affected by the seasons and by the cows’ reproductive status (Figure 2). The ADG was calculated for each cow individually. The average BW of all cows in the herd at the beginning of the study was 494 ± 9.3 kg and was 496 ± 13 kg for the collared cows. The average BW of all of the herd’s cows at the end of the study was 547 ± 12 kg, and 546 ± 20 kg for the collared cows. Therefore, BW gain along the study was 53 and 50 kg, respectively. For the cows that were in the herd throughout the entire study, BW at the start of the study was 494 kg and at the end of it, 549 kg, i.e., a BW gain of 55 kg. Thus, we concluded that collared cows’ BW and BW gain represent the BW and BW gain of all cows in the study herd. It could also be concluded that the increase in cow BW throughout the study was not the result of cows’ replacement in the herd. The greatest BW change in the herd between two consecutive measurements was a decrease of 72 kg between 5 December 2017 and 19 February 2018, 14.6% of the average BW of the herd.



The greatest ADG (g/day) between two consecutive BW measurements ranged from +805 between 30 October 2017 and 5 December 2017 (autumn to winter) to −952 between 5 December 2017 and 19 February 2018 (winter). The causes of these large BW and ADG changes are discussed in Section 3.9. “Validation of cows’ EB Estimation by the HMS”.



The BCS of the cows and its daily changes (Figure 3) varied significantly between the measurements, affected by the seasons and the reproductive condition of the cows. The average BCS of the cows at the beginning of the study was 3.16 ± 0.030, and 2.77 ± 0.024 at the end of the study. Cows that were in the herd throughout the entire study had a BCS of 2.93 ± 0.24 at the beginning and 2.58 ± 0.21 at the end. For the collared’ cows, the BCS at the beginning of the study was 3.18 ± 0.04 and at the end, 2.77 ± 0.04. Therefore, we can conclude that the BCS of collared’ cows at the start and end of the study represented the BCS of all cows used in the study.



Cows’ Average BW, MEI and DMI


Study years 2 to 5, from 20 May 2017 to 25 May 2021 (4-consecutive-year study) represent full representative years from weaning to weaning periods, including the full yearly periods of feed supplementation (Table S2). The average BW of the cows during this period was 503 kg. The study data can be used to predict or compare cows’ DMI and MEI in other trials based on metabolic BW correction.





3.5. The Effect of Changing Herd Management on the Number of Nursing Cows in the Herd


The calving distribution and percentage of nursing cows until weaning for the cows with collars are presented in Figure 4. A detailed description and calculation of the reproductive performance for each year are presented in the chapter dealing with reproductive performance (Section 3.11).



In the first year of the study, although all of the cows were pregnant at the beginning of the study, the percentage of nursing cows on weaning was 43%. Due to the shortage in biomass at the beginning of the calving season, the herd was moved to a large neighboring plot. The HMS output messages identified, in real time, many morbidity events that were likely due to the sharp change of herd location at this combination of season and reproductive state. Herd problems were not properly treated by the farmer (the breeders’ confidence in the system’s warnings seemed to have been low at the start of the experiment). As a result, in that year, the percentage of nursing cows and weaning rate were low. From the real-time documentation of the events, we concluded that moving the cows to a new area in the critical season of the onset of calving significantly stressed the cows, which caused a marked reduction in cows’ nursing rate. Without real-time event detection by the HMS system, it would not have been possible to understand the reasons for the low nursing rate in the study herd in that year. In light of these conclusions, we agreed with the herd owners to change the study herd interface and not to move herds from plot to plot at the onset of the calving season.



Studying the use of the HMS and trusting its information led to a significant improvement in the herd interface, which increased the percentage of nursing cows in the herd (Figure 4). These nursing percentages were calculated for the herd unit of 40 cows. The reproductive performance details are presented in Section 3.12).




3.6. Cows’ Behavior, EB Components, Forage Biomass, Feed Supplements, Effects of Season and Rain


Figure 5, Figure 6 and Figure 7 present the effects of the complex of yearly weather: rain and ambient temperature, on cows’ activities, forage quality, and EB components, and on the grazing-land direct measured biomass and as it was estimated (forage availability) from the cows’ behavior (the GBD).



Daily grazing increased after the rain began to fall (Figure 5), triggering the germination of high-quality green pasture. The daily duration of grazing is lower in the summer when forage quality is lower (Figure 7), but it followed an increasing trend at the mid to end of the summer and autumn as well (Figure 5). During this period (mid to end of summer to autumn), when the biomass decreased and the cows needed a longer time to gather the forage, because the sward height of the forage and/or its density (g DM/cm3) was low and consequently, the bit size (g DM/bite) was lower as well. Under these conditions, rumen digesta mean retention time probably did not limit the DMI. The shortage of pasture biomass was clearly expressed by the increasing trend of GBD in the summer and autumn and by the steep increase in GBD at the beginning of the rainy season when the cows grazed on high-quality green pasture with low biomass (low forage availability). When the biomass amount increased, and at the same time, the forage plants matured (i.e., contained lower ME), the GBD and daily grazing duration also decreased.



When the GBD increased to above 40 in summer 2018 and autumn 2020 and we gave supplemented roughage feed of WH, it immediately returned the GBD to a lower level (Figure 5). Since the GBD index was measured for the cows that grazed on the entire grazing plot, we suggest that it better represents the plot biomass availability than forage biomass samples.



The daily grazing duration, GBD values and their rate of change (daily increase and decrease), when cows grazed on dry forage (from the end of spring to autumn), were significantly lower compared to the changes when cows ate high-quality green pasture with significantly lower biomass.




3.7. Cows’ EB Variables and Calculated Energy Cost of Activities


The EB variables and energy cost of the cows’ walking and grazing activities calculated from the cows’ behavior during the study periods are presented in Figure 6. The presented MEI, HP and RE are corrected by the GBD when it was above 30 s. The MEI and HP values were high in winter and spring and lower in summer and autumn. These energy values were also affected by the date and the amount of rain (Figure 5, Table S1 Supplemental file). Respectively, the RE, which is the energy of milk + REBWHMS, was high in winter and spring and reached negative values in some of the summer and autumn seasons. In the summer of 2019, following a long period with high rainfall, the duration of RE with negative value was short. It probably only reflected the short stress of weaning of calves from cows. The energy cost of the cows’ activities (grazing and walking, Figure 6 was calculated from the collar measurements of the cows’ grazing and walking activity and the cost values of the activities according to Brosh et al. [9]. The costs also included the cost of horizontal movement, which in Brosh et al. [9], was found to be stable in relation to activities (relatively stable movement speed in grazing and walking).



The HMS software, the MEI, HP and RE show interaction dependencies as presented by Brosh et al. [6]. However, the activity cost is dependent on daily activity levels. Similar to Brosh et al. [9], in the present study, the average cost of walking and grazing activities together was small, 6.4%, and 7.7%, respectively, for the MEI and HP. However, the ratios relative to the study for average RE, the above activities’ costs, were 37.9%.



This is an important issue in light of the results in Brosh et al. [9]; it seems that the negative effect of the activity cost of food collection on the energy economy of the grazing cows (RE decrease) is much more important than as evaluated by Brosh et al. [9], mainly in light of walking distance from the grazing locations to the water trough and to the supplemented feed trough, when forage biomass is low. When this distance is long, it will significantly decrease cows’ RE (RE = (MEI − HP − activity cost)).




3.8. Forage ME Quality and DMI


The EB variables (Figure 6) are the core of the HMS output information. However, because in the past, these values were not available to the farmer, they are not traditionally used for grazing-land and herd management. The HMS outputs of consumed forage quality (ME), DMI, and biomass (forage availability) represented by the GBD (Figure 7) are much more familiar to the farmer for herd management.



Direct measured forage quality fluctuates with the seasons (Table S2 Supplemental file). It is high in winter (after the first rains) and low in the dry summer and autumn. The quality of the cow’s diet, estimated by the HMS, was calculated daily and represents the selected consumed forage and its positive interaction with the PL supplement [19]. Consequently, it presented the cow’s diet at a greater resolution and accuracy than the direct forage sample analyses, but the trends of ME changes were the same (Figure 7 compared to Table S2 Supplemental file).



To compare the grazed forage samples and cow diet estimation (ME, MJ/kg DM), we compared the average of minimum forage quality (dry forage in the summer and autumn) over 5 years and the average of maximum forage quality (winter lush green) over 5 years from the samples to those from the HMS estimations averaged over 5 years (one sample per year in each season). The minimum values of forage quality analyzed from forage samples taken when the cows were grazing on dry forage were 5.44 ± 0.45 (MJ/kg DM), significantly lower (p < 0.05) than the HMS value of 6.88 ± 0.12 (MJ/kg DM). In the winter, the forage quality analyzed from the forage cutting samples and by the HMS were 11.48 ± 0.43 and 10.68 ± 0.36 (MJ/kg DM), respectively, which was not significantly different. In the dry season, the cows received PL (mostly ad libitum) with significant nitrogen content; therefore, it is clear why the HMS ME estimation was significantly greater when cows grazed on dry low-quality forage. The HMS-estimated dietary ME when cows consumed dry forage + PL was similar to that measured in vivo when cows were fed wheat straw and PL under confined conditions [19].



Forage ME Quality and DMI—The Rain Effect


According to the daily grazing time, it is clear that several days after the rain started, the cows increased their daily grazing time on the high-quality, low biomass forage (Figure 5 and Figure 7), as expressed by the high GBD. According to the HMS, high-quality forage with low biomass (high GBD) significantly decreased the DMI (Figure 7), and consequently, the MEI and RE (Figure 6).





3.9. Validation of Cows’ EB Estimation by the HMS Compared to Its Estimation by Daily BCS Change and to Directly Measured ADG


At the beginning of the rainy season when the cows grazed on high-quality forage with low biomass, this high-quality forage is digested rapidly (digesta mean retention time is short). The low forage biomass coordinates with the shortening of digesta mean retention time to decreases in cows’ gut fill and consequently decreasing of cows’ BW (Figure 8).



These data significantly highlight the sensitivity to forage conditions of using data of cows’ live weight changes along the year to estimate cows’ energy balance, beyond the limitations of the effect of pregnancy and calving, and consequently reaching wrong conclusions.



As explained (see Section 2.8.2), the periods when the cows are close to weaning (early pregnancy) at the beginning of the summer is the appropriate time to compare between the energy balance estimated by the HMS to its calculation, that based on BCS, changes on directly measured ADG (Table 1).



The average period length over the five periods (before weaning) was long, 108 ± 21 days, and well represent a significant grazing period. The five-year period’s paired t test comparisons and its Pearson correlation between ADG were calculated by: the HMS, by using the daily BCS changes, and by the direct ADG measurement of study cows (Table 1): HMS to BCS t = 0.233, p = NS, rp = 0.991, p < 0.001; HMS to direct ADG collared cows t = 0.410, p = NS, rp = 0.067, p = NS; HMS to direct ADG all study cows t = 0.009, p = NS, rp = 0272, p = NS; direct ADG of collared cows to all study cows t = −1.548, p = NS, rp = 0.973, p < 0.001. Thus, we can conclude that the HMS estimation of the cow’s energy balance presented by the body RE convert to cow’s ADG is well validated by comparing it to its calculation according to BCS changes, and not rejected when compared to ADG that was calculated according to the direct measurements of the cows BW. In addition, we can conclude that the direct measured ADG of the collared cows well presents the ADG of the entire study herd.




3.10. Using the Collars and the HMS Data to Optimize Grazing-Land Stocking Rate


3.10.1. Feed Supplement Consumption throughout the Study


The cows’ yearly average EB variables were considered without the data from the first year, because that year did not cover a full year of the reproductive cycle, including breeding period and conception testing. Therefore, we used data of PL consumption measured for 4 consecutive years (20 May 2017 to 25 May 2021, 4.016 years), which were coordinated with the period of feed supplement provision and weaning dates. However, herd events occurring in the first year were summarized and affected herd management in the following years.



Dates and amounts (kg DM/year) of PL consumption were mainly affected by the yearly rain intensity, date of the first rainfall, and date of late rains that affected forage quality and availability from spring until summer. The cows stopped eating PL when the newly germinating green forage became available.



When the cows consumed dry withered forage of relatively low quality and low protein content (Table S2 Supplemental file), PL supplementation provided the nitrogen essential for the cow gut microorganisms, significantly increasing the cows’ EB variables. According to Brosh [20], on a DM basis, the cow preferred a level of about 30% PL in its diet. According to the HMS algorithm, a GBD greater than 30 s indicated that a shortage of forage availability was beginning to increase the cow’s daily grazing time. In the present study, based on the cows’ DMI according to HMS estimations, including the GBD effects, we can conclude that cows’ PL consumption as percentage of total DMI is consistent with Brosh’s [20] conclusions, i.e., when the GBD indicated that forage availability was not limiting the cows’ forage intake, dietary PL consumption was about 30% of the total DMI (Table 2).



In the first year of the study, the PL consumption measurement covered 58 days of autumn before the winter rains started. During that period (27 September to 24 November 2016), the dry forage biomass was at its yearly minimum values (Table 2). The average GBD in that period was 41 ± 0.5 s (28 s at the beginning and 50 s at the end of the period), i.e., forage availability decreased dramatically throughout the period. The daily grazing time was 12% longer compared to the other 4 years. This biomass shortage in the first year of the study increased the dietary PL intake significantly, reaching 61.5% of the total DMI.



As the rainfall amounts in years 2016–2017 and 2017–2018 were low compared to years 2018–2019 and 2019–2020, the yearly days of PL intake in the summer and autumn of 2017 and 2018 were 1.48 times greater than for years 2019 and 2020, and the respective yearly PL consumption (kg DM/cow per year) was 1.86 times greater.



The daily intake (kg DM/day) of PL was similar in years 2, 4, and 5 (Table 2), averaging 31.6% of the entire daily intake. This is close to what was found in Brosh [20] to be the preferred proportion of PL in the diet of beef cows. Therefore, it can be concluded that in years 2, 4, and 5, forage availability did not limit forage consumption by the cows. However in autumn 2018 (year 3), during the PL supplementation period, the GBD average was 37 s which, according to the HMS, showed that forage availability was beginning to affect grazing intake. This biomass shortage was partly compensated for by greater PL consumption. Thus, during this period, the daily proportion of PL to DMI was 47.8%, which is relatively high (Table 2), and close to the upper value of dietary PL measured by Brosh [20], a reasonable value that did not cause any nutritional problems for the cows [20].



During autumn 2018, the direct biomass measurements (Figure 5) showed significantly low biomass. In addition, the biomass of forage in the farm herds was too low, and the farmers began giving them WH as a supplement on 3 July 2018. The average GBD of the cows from 26 June to 2 July 2018 was 17 s, and daily grazing time was 8.3 h. Based on this information, we decided to delay the provision of this expensive roughage supplement to the herd. From 27 August to 1 September 2018, the average GBS was 36 s and the daily grazing time was 8.0 h. Based on this GBD value, we initiated the WH supplement on 3 September 2018 (Table S2), and the GBD and daily grazing time started to decrease (Figure 5). The WH was not given ad libitum. According to the daily consumption of WH (Table 2) and the WH cost in Israel (USD 260/ton), the delay of 2 months for initiation of WH supplementation saved the farmer USD 65 per cow in 2018.




3.10.2. MEI and DMI of Grazed Forage and Supplements, Average Yearly Calculation


An annual average summary of all energy components consumed in the pasture and from the supplements is presented in Table 3. From these data, we calculated the carrying capacity, i.e., the potential cow-stocking rate, of the grazing area. In Table 3, cows’ food sources and EB components are presented in rows 1–7. Row 1 presents the EB components of the total food eaten (pasture and supplements) determined by the HMS algorithm. Rows 2 and 3 present the direct measurements of the supplements. Row 4 presents the net grazed forage, as the total feed consumption calculated by the HMS (row 1) minus the directly measured consumption of the supplements (rows 2 and 3). Row 5 presents the grazed forage consumption calculated by the HMS (annual average) for periods in which the cows were outside of the experimental plot and only grazed. Row 6 presents the EB variable calculations that represent the grazing duration of the cows in the study plot. The period length (days), MEI, and DMI were calculated as data of row 4 minus row 5. Row 7 presents the calculation of the relative contribution (%) of the pasture eaten in the study plot (row 6) relative to the total grazing consumption (row 4).




Yearly Average Maintenance Requirement as a Proportion of MEI—An Index for the Interaction of Herd Energy Needs and Grazing-Land Potential for Forage Energy (ME) Production


Average yearly MEI for the 4 years of the study was 27,072 MJ/cow per year (Table 3, row 1), with an average BW of 503 kg (Table 3). When it was calculated as daily average MEI of the study cows, it was 698 kJ kg BW−0.75 day−1. According to Brosh et al. [6], grazing cows’ net energy for maintenance (NEm), i.e., when MEI = HP (zero RE), is 523 kJ kgBW−0.75 day−1. The grazing cows’ NEm-to-MEI ratio well represents the energy status of the cows in their grazing land. As the ratio increases, the cows have less energy for their needs (maintenance and production). In the present study, the ratio was 523/698 = 75%. Using the above ratio output of the used system based on continuous daily monitoring of cows’ activities can greatly help characterize and adjust the cow herd to the grazing-land potential.




Carrying Capacity of the Grazing Land and Recommendation for Optimal Stocking Rate


The recommended stocking rate for the study’s grazing-land habitat was 2.0 ha/cow. In actuality, we used 1.95 ha/cow = 77.86 ha/40 cows. As the HMS estimates all EB variables, we could calculate the yearly average grazed MEI and DMI contribution of the study plot to the entire yearly consumption. For the 4-year study average (years 2 to 5), grazing on the study plot contributed 68.6% of the yearly grazed MEI and 66.2% of the yearly grazed DMI (Table 3, row 7). The rest of the grazed MEI and DMI was consumed on other plots. Consequently, the actual yearly grazing land used by the cows on the basis of MEI was 1.95 ha/0.686 = 2.84 ha/cow, and with respect to the DMI, it was 1.95 ha/0.662 = 2.95 ha/cow, which is 42% greater grazing land than recommended on the MEI basis, and 48% greater than that recommended on the DMI basis. These calculations are compatible for cows with BW of 503 kg and an average total yearly MEI of 27,071 MJ and DMI of 3375 kg (Table 3, row 1), with 737 kg DM/year supplemented feed, which is 21.8% of the cows’ total yearly DMI consumption. When the supplemented feed was 629 kg DM/year, 85% of it was with PL, and at 108 kg DM/year, 15% of it was with WH.





3.11. Herd Event Identification—Health, Heat Load, and Reproduction


Examples of cows’ behavior when they express health, heat-load and reproductive events are presented in Figure 9. Figure 9a presents an example of an individual health event and the repeated HMS alerts (alerts 1 to 5, see details in the figure legend). Figure 9b presents a herd reaction to vaccination against Foot and Mouth Disease. Figure 9c presents cows’ grazing activity under extreme heat stress. Figure 9d presents three consecutive heat-detection (estrus) events.



The HMS algorithm for estrus identification (heat detection) was validated by direct observation (including artificial insemination and validation of 280 calving days after insemination), using 11 Estrotect color sticker on the tail base. During the tests, we validated estrus detection by using Estrotect that paints the base of the tail on five of the cows (using the Estrotect sticker) and in two inseminated cows according to calving date. During the main study in Karei Deshe, we did not have conditions for direct watching estrus behavior and accurate calving date. Consequently, the HMS reproduction event identification was not used for managing the herd.



We identified 11 cases of cow calving according to their locations, which deviated from the herd location. The first calving alert was a daily decrease in grazing. In addition, most of the daily locations were close to each other and at a greater distance from the herd location. However, these behaviors have not yet been included in the HMS algorithm.




3.12. Herd Reproductive Performance: Effect of the Collars and HMS Information


The main economic test of cow-calf operation beef herds is reproductive performance. An intermediate measure is the pregnancy test and the final test of herd economic performance is the weaning percentage. All the cows that were selected for the study (September 2016) were pregnant. The pregnancy rate of the study herd (yearly five years average of 40 cows), that was managed by the HMS, along the other 4 years period, 2017–2018, 2018–2019, 2019–2020, and 2020–2021, were 86%, 72%, 81%, and 81% respectively, an average of 79.8 ± 3.4. The pregnancy rate of the farm herd (details on the supplemental file) was not tested in years 2019–2020 and 2020–2021. In years 2017–2018, 2018–2019, the farm herd pregnancy rate was 63% and 50% respectively (an average of 57%). which is 22% lower than that of the study herd at those two years. The weaning rate of the study herd at years 2017, 2018, 2019, 2020, and 2021 was 43%, 55%, 54%, 78%, and 75% respectively, an average of 61.0% ± 7.51%, a significantly increases of weaning rate along the 5 years of the study (rp = 0.92, p < 0.01). The weaning rate of the farm herd (yearly average of 614 cows, the study HMS managed herd not included) at those 5 years were 44%, 36%, 32%, 46%, and 46% respectively (rp = 0.302, NS) an average of 41.0 ± 3.23%, a direct difference of 20.0% ± 6.6% for the 5 years study. For the fully tested 4-year study, the weaning years from 2018 to 2021 showed that the weaning rate of the study herd was 25.5% ± 3.52% greater than that of the farm herd.





4. Conclusions


The collar and its HMS algorithm functioned well under natural grazing conditions in a continuous study lasting 4 years and 8 months. Cow EB and grazing-land forage quality and availability were reliably estimated by the HMS. The GBD is a sensitive index for forage availability that represents the whole plot’s biomass conditions. The real-time HMS data gave the user an efficient tool for optimizing grazing-land management for maximal production, by preventing overgrazing and under grazing which can, respectively, cause grazing-land erosion and fire. The system data gave the user the grazing land’s potential stocking rate, essential for facing grazing-land management under global warming. For the overall average of the 5-year reproductive study, a significant increases of weaning rate of the study herd (rp = 0.921, p < 0.01) was found.
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Figure 1. Correlation of the cows’ consumed dietary ME (MJ/kg DM) calculated by the HMS with that calculated by fecal NIRS analysis. Period length of 14 months. The two black lines represent the 95% confidence interval of the regression slope (the blue line). 
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Figure 2. The studied cows’ body weight (BW, kg, □) and average daily gain (ADG, kg/day, o). Dates are given as day/month/year. 
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Figure 3. The studied cows’ body condition score (BCS, □), on a scale of 1-5, and the daily BCS changes (●) (calculated as daily change in BCS × 1000). Dates are given as day/month/year. 
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Figure 4. Percentage of nursing cows during the study, calculated for collared’ cows. Dates are given as day/month/year. 
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Figure 5. The study plot, biomass (kg DM/ha, direct sampling), yearly seasonal winter rain, duration of poultry manure supplementation (PL ꟷ) and of wheat hay supplementation (WH ꟷ), and cows’ weaning events. Cows’ daily walking (W, h/day, ∆) and grazing (G, h/day, o), and the average daily grazing bout duration (GBD, □). Dates are given as day/month/year. Weaning dates: 9 April 2017, 24 April 2018, 2 June 2019, 9 June 2020, and 25 May 2021. 
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Figure 6. Studied cows’ energy balance variables (MJ/day) as calculated by the HMS. Metabolizable energy intake (MEI, o), heat production (HP, ∆), energy cost of walking (W) and grazing (G) activities (activity cost, ♦) and recovered energy (RE, □). Dates are given as day/month/year. 
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Figure 7. Studied cows’ actual consumed dietary ME (MJ/kg DM, o), dry matter intake (DMI, kg DM/day, □), and daily grazing bout duration (GBD, s, ∆) used to estimate forage availability. Dates are given as day/month/year. 
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Figure 8. Study cows’ grazing bout duration (GBD, s, o), and its relationship to cows’ live BW (kg), □. Dates are given as day/month/year. 
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Figure 9. Herd event identification. (a) Cow sickness: regular activities up to 26 March 2017; arrows indicate health alert sequence: (1) first sickness alert (28 March 2017), (2) daily alerts, (3) farmer visited the cow (coordinates of location sent by the HMS) and decided that it was healthy. Alerts (4) and (5) were emergency morbidity alerts. (b) Herd daily grazing before and after herd vaccination against Foot and Mouth Disease, an average of five cows. (c) Cows’ daily grazing under extreme heat load (44 °C on 2 August 2015). (d) Estrus event, represented by walking-to-resting ratio corrected to this value on previous days (see Section 2.5.2). Dates are given as day/month/year. 
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Table 1. Validation of ADG (g/d) as estimated by HMS, compare to its calculation from the BCS changes of the cows with collars, and to the direct cow measurement. Data from five measurement periods that ended at weaning. The last row represents the ADG estimated by the HMS minus ADG calculated from the BCS changes.






Table 1. Validation of ADG (g/d) as estimated by HMS, compare to its calculation from the BCS changes of the cows with collars, and to the direct cow measurement. Data from five measurement periods that ended at weaning. The last row represents the ADG estimated by the HMS minus ADG calculated from the BCS changes.





	
Weaning Date

	
9/5/17

	
24/5/18

	
2/6/19

	
9/6/20

	
25/5/21

	
Average

	
SE




	
Period Length (days)

	
106

	
94

	
49

	
201

	
90

	
108

	
28






	
ADG According HMS

	
352

	
303

	
59

	
49

	
273

	
207

	
71




	
ADG According BCS

	
248

	
308

	
65

	
5

	
293

	
184

	
70




	
Direct measured




	
ADG All cows

	
296

	
8

	
187

	
31

	
455

	
195

	
94




	
ADG Cows with collars

	
268

	
−158

	
148

	
13

	
449

	
144

	
116




	
HMS-BCS

	
104

	
−5

	
−6

	
44

	
−20

	
23

	
26
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Table 2. Yearly feed supplementation throughout the study, calculated as intake per cow of 503 kg BW.
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Year

	
2016

	
2017

	
2018

	
2019

	
2020

	
2021

	
2017–2021

	
Total




	
Number of Cows

	
40.8

	
37.4

	
38.0

	
37.0

	
40.0

	
40.0

	
38.5

	
Time




	

	
Yearly Supplement of Poultry Litter (PL) Per Cow

	

	
Yearly Average

	
(year) 3




	
Date start

	
27/09/2016

	
20/05/2017

	
03/05/2018

	
22/07/2019

	
22/05/2020

	
-

	
20/05/2017

	
4.016




	
Date end

	
24/11/2016

	
03/01/2018

	
16/12/2018

	
26/11/2019

	
18/11/2020

	
25/05/2021

	
25/05/2021

	
yearly time 3




	
Days/year

	
58

	
228

	
227

	
127

	
180

	
0

	
191

	
52.0%




	
kg DM/year

	
369

	
695

	
948

	
358

	
525

	
0

	
629

	




	
GBD (s) 1

	
41

	
28

	
37

	
30

	
30

	
-

	
31

	




	
kg DM/day 1

	
6.36

	
3.05

	
4.18

	
2.82

	
2.92

	
0

	
3.31

	




	
Total DMI by HMS 2

	
588

	
1995

	
1984

	
1207

	
1676

	
0

	
1709

	




	
PL% in diet

	
62.8%

	
34.8%

	
47.8%

	
29.6%

	
31.3%

	

	
35.9%

	




	
Yearly supplement of wheat hay (WH) per cow




	
Date start

	
-

	
-

	
03/09/2018

	
-

	
12/11/2020

	
-

	

	




	
Date end

	
-

	
-

	
16/12/2018

	
-

	
18/11/2020

	
-

	

	




	
Total days

	
0

	
0

	
104

	
0

	
6

	
0

	
27.5

	
7.5%




	
kg DM/year

	
0

	
0

	
413

	
0

	
22.5

	
0

	
108

	




	
kg DM/day 1

	
0

	
0

	
3.97 1

	
0

	
3.75 1

	
0

	
1.92

	




	
Total DMI by HMS 2

	

	

	
866

	

	
79

	

	
235

	




	
WH% in diet 1

	

	

	
47.6%

	

	
28.6%

	

	

	




	
Yearly supplement of PL and WH per cow




	
kg DM/year

	
369

	
695

	
1361

	
358

	
547

	

	
737

	




	
Supplement% 4

	
62.8%

	
34.8%

	
68.6%

	
29.6%

	
32.7%

	

	
41.4%

	








1 When this supplement was given. 2 Total DMI (kg DM/period) as determined by the HMS for the period when this supplement was given. 3 Last four years (9 May 2017 to 25 May 2021). 4 Supplement% of total DMI, when supplement was submitted. Dates are given as day/month/year.
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Table 3. Calculated average annual consumed diet energy (ME), dry matter intake (DMI) and metabolizable energy intake (MEI) from the grazing sources and from the supplemented feed throughout the 4 years of the study (20 May 2017 to 25 May 2021).
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For One Grazing Cow

	
Yearly Average

	
MEI

	
DMI

	
MEI When Consumed

	
DMI When Consumed

	
DMI, Average Yearly Intake

	
Diet ME

	
Yearly Diet Source

	
Yearly Diet Source




	
Data Rows

	
(days)

	
(MJ/year)

	
(kg DM/year)

	
(MJ/day)

	
(kg DM/day)

	
(kg DM/day)

	
(MJ/kg DM)

	
(%ME)

	
(%DM)






	
(1) Yearly average

	
365

	
27,072

	
3375

	
74.17

	
9.25

	
9.25

	
8.02

	
100

	
100




	
(2) Supplemental PL 1

	
191

	
4210

	
629

	
22.04

	
3.29

	
1.72

	
6.69

	
16

	
19




	
(3) Supplemental WH 2

	
28

	
906

	
108

	
32.37

	
3.87

	
0.30

	
8.37

	
3

	
3




	
(4) Grazed forage Calc 3

	
365

	
21,955

	
2638

	
60.15

	
7.23

	
7.23

	
8.32

	
81

	
78




	
Data from cows outside the study plots during the study, without supplement (average of 4 years)

	

	




	
(5) Yearly average

	
39

	
3387

	
404

	
86.63

	
10.33

	
10.33

	
8.38

	

	




	
Cows’ average yearly consumption of forage in the tested plot during 4-year study (40 cows in plot area of 77.83 ha)

	

	




	
(6) In the study plot

	
326

	
18,568

	
2234

	
56.97

	
6.86

	
6.86

	
8.31

	

	




	
(7) Proportion of study plot out of total study

	
89.3%

	
68.6%

	
66.2%

	

	

	

	

	

	








Values are calculated for a cow with BW of 503 kg, the average of cows’ BW for those years. Calculations are split between the time spent by 40 cows grazing on the study plots and the time spent grazing on other plots. 1 PL, poultry litter; ME value according to [19] 1.6 Mcal/kg DM. 2 WH; wheat hay, ME value according to laboratory in vitro analysis. 3 Calc, calculated by difference.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-12-00288


  
    		
      agronomy-12-00288
    


  




  





media/file8.jpg
Dt

™y

S o >
SRR IR

Biomas (kg DM

R OO S S





media/file11.png
N AN AN
VAR
AN

,,3\")

0\

0O
EE=S0 [[LErtort

(OO TFRALS B e

0)889).y (L—O—O00—="0="" L] \

3

5
>

i

0,
o 0&»9
& 010,0!%0* = [Tl 1]

(MJ/day) —o—RE (MJ/day)

el 1 1
,.m"r»"\.;l.»..._._“ T Q N\\
.-r(éxpu‘oloy,.m: W\ \,
QR »-.,-im\w\.p s QV\
Oﬂnﬂcro.ono.f_ < — W\
(O0=—0 0 8- 0,0 = «\
..Q.&..-G.’.»VN” Q W
$= e, o0 M : &a
0,19 0 —0pmi% PO 2y s
oG ooooonm&u«o R + PO llu-__ QW\W
OCO==0 .OO(A\‘.M .0’00&.‘!.0 < = IF_IJlF.I \&J
o z =
€ Olo«t-ﬂ = QW
S 2
A
= o c
g o, %
: e
© 1] (-
. e 2
18%) e s 2 0, &
£ 2
a3
£ 0 €
=290 0)7070)% . ll11 [P} /.
0,0 .LW&»»M”..‘(.W\."'V/WM.Am"H: - [~ p &V&J
= N R CICK 5
OO=OO O (D) l%ﬁmnvymmw/;ﬂ, > O 2
O ‘..Ns-.w%cm.wtbo & _..l.\,-I.;\u\\.
OO o‘u-m-mtfui W H.._ﬁ‘\,
oy, 250 ) -
Ve e, (-2 ,
.-o,o ) - + %\\ \\
2,22
7 . \\ﬂ
$91% 2 2
® o3 s S P A
O S \Wﬂa
(0 59— C z 3
® 0) = “.Mrl.‘h ﬁ %\, %
> &
0)_®)p) ﬁ % \&J
10050 $%¢> > )
') 0. 9 (® = /.
). O'¢%)» 7
= 1 LN \.
z 14,
| [= by \,\
gy gl
) oI B »
S 20e o 3T e Rk < ¢
r:\qu!- | & o «
JO-O—O=—0—(gst OSSN s A= PP >
nm?ﬁwoo ; m _,-_,F". il_l ~ < A~
= _...-_.,..|
{Ehge
QLOLEARAR M\ l-.__.hl,,.l.,._li
0,02 (€02, %g 01 <% =9 S ) b
OO =r=rr XN ] e
= Sratsit AN
R CD-00m, o-,/.-;..;___._ + -....-........l-.:-ﬂ 10\ \\N
|
s =2 SRR
Z. 2

AM0) ¢ aoj (Aeq/rIN)





media/file6.jpg
0%
s%
0%
%
so
4o
30
2%
10%
o

9, sMm0> Sursiny.

o

5
kS

e

C

IS

TREETE

S
S

™

vy
A
K

N

S

o

%

OO

25

Ly

X

%

S
5

&
A

::

20%





media/file1.png
12.20

11.70

11.20

10.70

10.20

9.70

9.20

8.70

8.20

7.70

e HMS ME (M]/kg DM)

HMS' Diet ME (M]/kg DM)

HMS =1.0294 « NIRS +0.1972
R?=0.838 r,=0.915 p<0.001

NIRS' Diet ME (M]/kg DM) using fecal analysis

7.20 7.70 8.20 8.70 9.20 9.70 10.20 10.70

11.20





media/file13.png
12.0

211.0

oD

=

=10.

S10.0

jua|

S 9.0

7]

on

S 8.0

Ly

7.0

3

Z 6.0

oD

=

= 5.0

=

Q
4.0

\N‘°

Date =o=DMI (kg/day)

% el

5
] A\
/ mmgA
A ]l|=
AY O (11
/IIAI': CER E-l u /A
y :"w.,ﬁ‘ = - /4 |
Aav'e®! =R
'A»' Sl )] -_| .Q
/\ )tl- AN
h 7A'/ Y = =|’A’
LA H &
A A
A: v
/ (N
A A

B!

N

—o=Consumed forage ME (M]/kg DM)

q>~> «9

S

i >
SRS S
TSRS

R R R

=/« GBD (sec)

S

100
90
80
70
60
50
40
30
20

GBD (S)





media/file10.jpg
P (V) withowt activitescont ==V & G activtescont (MJay) =0

RO

o o0 & T WA CRORS )
R A SR





media/file7.png
Nursing cows %

90%

80%
[ )
70% | o]
..
60% °
[ )
[ )
50% .
[ ) [ )
40% e . -
& [ )
° [ )
30% > N o
L [ )
20% 0. - I
10% ’ X -
(1] [ ) .
R [ ) [ )
0% '° C ~ -
PR R MOV SO ol
10@ 3 'ﬁngq; ,\; Q \9 q§ “> $°’q> f\B ﬂ> *'b "b QO’Q Q '\30’

-200/0





media/file12.jpg
120

Date ==DMi (kg/day)

@gﬁ?&l«“&%ﬁ*&%@fkk}?}%ﬁ»ﬂ*%?ﬁ%@é’ﬂww

o= Consumed forage ME (MJ/kg DM)  =2-GBD (sec)






media/file9.png
14

839 mm 707 mm 547 mm T 120
452 mm
377 mm ™ ' r - .
12 , Y X K 1 100
= ‘ £, ®L)  fEs (PL) § ¢ -
< 10 S 5 8 [ & ;
= S pEs? . 8 @ n + 80
- ": 5 2 - = .
o o I, = .‘=. E .»é;
-E 8 . o|= — \‘ig"g": ;’g ’g
< . 1 62
o e - g =
% 6 : ElE ‘\* . i =
2 ",.:: eanings U
- 0 B "
E w | fe
3 : ;_".:E=-.{E :
2 , :" 20
0 + 0
AL AN D A A DDA OO DDA DDA DAY @& &
O QA A0 A Al A A > i Al ol A A ol Al ol A Al a M al AV iV el eV alv o
SRS P AP AP AP AP AP o A AP A 4P P ST AT AP A P
= 2500 -
< 2, Biomass (kg DM/ha)
= 2000 % 2 2087 14/4 to 21/7 23¢ 2
&51500 1146 “% 1249 Cows 1144 1038 1900
~ 825 Cows o 786 )77 were
ﬁ 1000 505 wIere 'I ' 833 In ' 260 153
: n /0 ‘ another ' D
E 500 | 342another 889 200 315 6 08 9“1?10:‘? 9 787 33
= plot 1P 8 505 Date N 547
I L TN AL TP . - VA, - TR T T TR TP TR TRV T TS TR PR\ SPA SPA N SPAN SPX\ S S VR SRIPX) GRS
O A A > Al gl A Al ol > Al gl Al alY ol o al ol Al Al el o alP ol QI QY eV v alv
NI SN D NN N N O N S P R SN G P R S P





media/file14.jpg
SIS





media/file16.jpg
10
Grazehid
) resthid ¥
alka H
L
£
38
o
W manr s swsm s
0 g
9
< 53
ni
EAS
62
»E
ni
) i
»
—o-Grazing (wd) 5
[oue_—+-Maximl Daily Temperature o
. x

23715 30715 GBNS 138N 20815 270815

n

Days aftersaccintion up o
reovery rom the i
!

Iy Grsing e

Date

25

515

d

wnns s






media/file5.png
BCS (Scale 1-5)

3.2
3.0
2.8
2.6
2.4
2.2

2.0
RTGR
\g\tQ\\ A \\@\ (\\

Qo oD FOICICICICIN >
S R R SR e o

==BCS (1-5) All cows
=@ -BCS daily change *1000 (all cows)

\°’.\}”\\ \\x\\'b\

o\

Y

6.0

4.0

2.0

0.0

BCS daily change e 1000





media/file15.png
160

o?ir..r
C‘Owww\\&v >
\k'\ ", .‘@\\
)~
A\

Saoe), 00
S A@,@\@»

"\»‘rﬁ _ .

O— Q00 ==,
" gl — é .\.\w 2

QoS
h%ﬁ&f

RS

= " %=

o— , u

.»((,vv
Q.=
OGS

2

1l .
o OO
S

600

O o 0 0 0 0
L6 S o S - :
L6 R 5 S - -

O BB RRDDD D D>
\&%&%&i&“&%&%&k§k§%§“$$

A& W w8 W WD aD AD WD WD WD AD WD WO WD WO WO
SRR AR AL AR EARAN ARG
AP AP A A P a0 4>

© A0 .0
SARLCALVAY
S

oM
Q‘b"/





media/file3.png
560

540 .
N
520 .
Vi o - =
500 @ P Q\ A=
—_ I N /B ’I \ ,
& \l /o 2\ o\ /
E 480 f ] ¢/ 2l ™M \ o---O-- 6
a (3) 1 M || L ‘l " &\\ ,/"
460 \ /i é il Ve &
W Y
440 M ! | 1) -8-BW (kg) All cows
‘l‘ H HH © -©-ADG (g/day) All cows
420 ! "
é é Date
400
NN S DS @S > > >
o0 NNNNNNNNN »vvvvv \\\\\\\\
°\ e e R R R s

DG (g/day)





media/file17.png
25 a
. =B=Graze h/d

20 §£  -a-Resth/d s
g =e=Walk h/d

15 § =
) 6
& =

10 +2 4
4+
[«P]
N

5 éﬂ‘ 2
Date

0 F—— 0

16/3/17 21/3/17 26/3/17 31/3/17 5/4/17

10 T 45
43
E 41
29
o0 39
£
& 37
3
>8 35
.5 33
31
7
29
I -®-Grazing (h/d) ”
Date —#—Maximal Daily Temperature oC
6 A 95

23/7/15 30/7/15 6/8/15 13/8/15 20/8/15 27/8/15

10 11

Walk duration (h/d)

Maximal Daily Temperature (°C)

(=Y
(o}

@ O
] ]

Daily Grazing time (h)

|
l

6 1

Days before
vaccination

Date

Days after vaccination up to
recovery from the immune
response

21/2/15

50%
40%
30%
20%

10%

23/2/15

25/2/15

d

27/2/15

1/3/15





media/file4.jpg
BCS (Seale 1-5)

60

24

~O-BCS (1-5) All cows
~@-BCS daily change “1000 (all cows)

SIS






media/file0.jpg
1220

1170

1120

1070

1020

9.70

9.20

870

820

7.70

7.20

HMS' Diet ME (MJ/kg DM)

© HMS ME (MJ/kg DM)

0294 + NIRS +0.1972
838 1,2 0.915 p<0.001

NIRS' Diet ME (MJ/kg DM) using fecal analysis

7.20

770 820 870 920 970 1020 1070 1120





media/file2.jpg
[

]

o
~E-BW (kg) All cows
-0-ADG (g/day) All cows

1300
1100

500

ADG (giday)





