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Abstract

:

Simple Summary


Early weaning is a practice that holds the potential to enhance beef cattle production systems. It aims to improve the reproductive performance of cows in the subsequent breeding season while minimizing the impact on weaned calves when they are appropriately nutritionally managed. This study aimed to compare the effects of early weaning (weaning at 150 days; EW) and conventional weaning (weaning at 240 days; CW) on the growth, carcass characteristics, and meat quality of Nellore bulls. A total of 74 non-castrated calves were assigned to an EW (n = 37) or CW (n = 37) strategy. During approximately 400 days in the growth phase, both groups received supplementation during grazing, followed by a finishing period in a feedlot for 87 days. The results showed that calves in the EW group were lighter than the CW group at the time of conventional weaning, yet this weight difference did not impact their growth or meat quality during the fattening phase. This study suggests that early weaning, combined with adequate supplementation, can be a viable and sustainable approach in beef cattle production without compromising the animals’ productive development or meat quality.




Abstract


This study compared early weaning (EW; 150 days) with conventional weaning (CW; 240 days) in Nellore young bulls, evaluating performance, carcass characteristics, and meat quality. A total of 74 non-castrated male calves were divided into two weaning strategies: EW (n = 37) and CW (n = 37). During the growth phase, which lasted 454 ± 14 d for EW calves and 359 ± 16 d for CW calves, animals received a protein-energy supplement at a ratio of 5 g per kg of body weight while grazing Brachiaria brizantha cv. Marandu. The animals were managed for an 87d finishing phase in three collective feedlot pens, with a 3-week adaptation protocol, starting with corn silage to a concentrate ratio of 55:45 and reaching a ratio of 30:70 in the final diet. Body weight, average daily gain (ADG), dry matter intake (DMI), feed efficiency (FE), carcass characteristics, and meat quality were evaluated. The EW group was approximately 44 kg lighter than the CW at the time of conventional weaning (p < 0.001). However, this weight difference did not influence ADG, DMI, and FE in the finishing phase. No significant differences were observed in carcass characteristics such as yield percentage, loin area, subcutaneous fat thickness, and meat quality, except for the weight of primal cuts, which was greater in the CW group (p < 0.001). Thus, although calves weaned early are lighter throughout subsequent production phases than those weaned conventionally, performance, efficiency, carcass yield, and meat quality are not affected.
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1. Introduction


In the past decade, beef production in Brazil has experienced an evolution due to the intensification of the feedlot industry [1]. However, over ca. 80% of the beef produced in Brazil comes from pasture-finished cattle [2]. Furthermore, the breeding herd, predominantly comprised of zebu cows, is managed in extensive forage-based systems, with calves weaned between 7 and 8 months of age [3]. However, in the Nellore breed, milk production does not meet the calves’ nutritional requirements after the third month of lactation [4], and prolonged lactation can also interfere with the reproductive performance of the dam during the subsequent breeding season [5].



Early weaning is an effective practice to improve the reproductive performance of dams, as it allows the energy requirements of lactation to be directed towards achieving mature body weight in primiparous cows [6], replenishing the necessary body reserves to sustain the high demands of late gestation [7], and ensure pregnancy in the following breeding season [8,9]. Regarding calves, early weaning alone can compromise post-weaning growth performance, such as average daily gain and body weight [10,11]. However, some studies suggest that when early weaning is associated with adequate nutrition, post-weaning performance can be similar to calves weaning later [12,13].



Early weaning is not a commonly adopted practice in Brazilian beef cattle farming. Although this practice is not aimed at surpassing the performance of traditionally weaned calves, the combination of early weaning with supplementation strategies can result in significant improvements in post-weaning growth, as well as positively impacting carcass and meat quality [14,15]. According to a recent study by Pedro, et al. [16], adopting weaning at 120 days of age in Nellore calves and a supplementation regimen demonstrated similar growth compared to those weaned at 205 days without supplementation. Moreover, in this study, early weaning associated with a supplementation regimen positively affected genes with the potential to increase intramuscular fat deposition in meat.



In this study, we hypothesize that calves weaned early, despite being lighter, are not affected in performance, carcass characteristics, and meat quality compared to traditionally weaned calves. Thus, the objective was to evaluate the performance, carcass characteristics, and meat quality of Nellore young bulls subjected to early weaning (150 days of age) or traditional weaning (240 days of age).




2. Materials and Methods


The experiment was conducted at the College of Animal Science and Food Engineering (FZEA) of the University of São Paulo (USP), located in the municipality of Pirassununga, São Paulo, Brazil, under the approval of the Commission on Ethics in Animal Use, protocol number CEUA: 2884250620.



2.1. Animals, Treatments, Management, and Diet


A total of 74 bull calves were used in two treatments: Early weaning (EW; 148 ± 8 days) or conventional weaning (CW; 242 ± 10 days). Calves were born between August and October 2020 and were divided into four groups at the beginning of the experiment based on the date of birth and the cow’s category (primiparous or multiparous). The groups were formed to ensure that the calves had similar ages and were used as a criterion for the division into the EW and CW treatments. A schematic of experimental treatments and the timeline is presented in Figure 1.



During the pre-weaning phase, calves were kept with their respective dams in Brachiaria brizantha cv. Marandu pastures. At an average age of 90 days, all calves began receiving protein-energy supplementation via creep-feeding, offering 0.5% of body weight (BW) per bull per day (Table 1). The supplement was administered three times a week until weaning, which occurred at either 150 or 240 days. Each group underwent two weaning procedures, totaling eight weanings, with the same procedure for all groups. Weaning procedures included weighing all calves in the group, regardless of the treatment (EW or CW). Calves were subjected to a health protocol at weaning including deworming with Ivermectin 1% (Ivermectin®, Vansil, Descalvado, SP, Brazil) and Levamisole (Ripercol L® 150F, Zoetis, Campinas, SP, Brazil), and vaccination against clostridiosis (Poli-Star®, MSD Saúde Animal, Cruzeiro, SP, Brazil) following the manufacturer’s recommendations.



After weaning, the calves were moved to another area and managed under a rotational grazing system as a single group. Pasture rotation occurred weekly, based on grass (Brachiaria brizantha cv. Marandu) height. Fresh forage samples were manually collected by hand-plucking along the pen to assess the nutritional composition during both the dry season (April–September) and the rainy season (October-March). The average nutritional composition during the rainy season was 18.5% dry matter, 9.5% crude protein, 1.8% ether extract, 39.1% acid detergent fiber, and 69.6% neutral detergent fiber. In contrast, during the dry season, the composition was 79.3% dry matter, 3.7% crude protein, 0.8% ether extract, 40.6% acid detergent fiber, and 76.3% neutral detergent fiber. All calves received protein-energy supplementation equivalent to 0.5% of their BW daily throughout the growing phase, which lasted 454 ± 14 days for the EW group and 359 ± 16 days for the CW group. Additionally, during this period, they were administered an inactivated rabies vaccine (Labovet, Feira de Santana, BA, Brazil) and a keratoconjunctivitis preventive vaccine (Bioqueratogen® Óleo, Biogénesis Bagó, Buenos Aires, BA, Argentina).



At 20 ± 0.4 months of age and a mean BW (±SD) of 458.4 ± 37.1 kg, 70 bulls were transferred to the experimental feedlot. A total of 4 bulls were removed from the trial due to problems unrelated to the treatments (3 from the EW group and 1 from the CW group). Bulls were divided into three blocks based on BW and housed in three collective pens equipped with Intergado® electronic feeders and waterers (Betim, MG, Brazil).



Prior to the animals entering the feedlot, a health protocol was implemented involving deworming using Doramectin 1% (Exceller®, MSD, Cruzeiro, SP, Brazil) and Albendazole Sulfoxide 15% (Agenbendazol®, Agener União Saúde Animal, São Paulo, SP, Brazil), along with a multivalent vaccination (Starvac®, Labovet, Feira de Santana, BA, Brazil). Additionally, the bulls were identified with RFID electronic ear tags and weighed after a 14-h fasting period.



The first 28 days of the feedlot period were dedicated to adapting the bulls to the facilities and the diet. During the initial 7 days, corn silage and mineral salt were offered ad libitum, while in the following 21 days, the concentrate content was gradually increased using the step-up method with a 7-day interval until reaching the final diet (Table 1). After the completion of the adaptation phase, 66 bulls remained (n = 31 for EW and n = 35 for CW; 3 bulls did not adapt to the facilities and were removed from the trial). At the end of the feeding period, the distribution of bulls by treatment in each block was as follows: in block 1, there were 10 bulls from the EW group and 12 from the CW group; in block 2, both the EW and CW groups contained 11 bulls; and in block 3, there were 10 EW bulls and 12 CW bulls.




2.2. Performance and Ultrasound Measurements


During the growing phase, calves were weighed approximately every 30 days without fasting. The BWs were used to adjust the supplement supply during the growing phase. In the finishing phase, bulls underwent a 14-h fasting period before initial and final weighing. The average daily weight gain (ADG) was calculated for the finishing phase using the formula ADG, kg/day = final BW − initial BW/Finishing period days.



During the finishing phase, the daily feed intake on an as-fed basis was recorded for each bull through the Intergado® system (Betim, MG, Brazil). Based on the system data, dry matter intake (DMI) was calculated by adjusting as fed intake to diet dry matter (DM) content. Silage samples were dried at 105 °C for 24 h once a week to adjust the DM content of the diet. The DM analyses of the concentrate ingredients were conducted each time a new batch of concentrate was prepared. Feed efficiency (FE) during the finishing period was calculated by dividing ADG by DMI for each bull.



Carcass ultrasound measurements were collected at 0, 33 and 61 days on feeding, using Exago ultrasound equipment (IMV Technologies Co, l’Aigle, Orne, France), equipped with a 180 mm 3.5 MHz linear array transducer. The ribeye area (REAu), SFTu between the 12th and 13th thoracic vertebrae, and rump fat thickness (RFTu) corresponding to the Gluteus medius muscles were taken [17]. The obtained images were analyzed by an experienced technician using Lince® V.1.5 software (M&S Consultoria Agropecuária Ltd., Pirassununga, SP, Brazil).



After an average of 87 days on feed (ranging from 74 to 97 days), bulls were selected for slaughter based on the BW criteria and ultrasound subcutaneous fat thickness (SFTu) above 3 mm. Bulls were harvested in six groups of 11 animals over an 18-day period.




2.3. Slaughter and Carcass Evaluation


The bulls were harvested in six groups (11 animals per group) within 18 days, at the slaughterhouse of USP located approximately 300 m from the feedlot facilities. For harvesting, animals were selected based on treatments (EW and CW), BW and SFTu (minimum of 3 mm), prioritizing those with the highest body weight and similar subcutaneous fat thickness.



Bulls were stunned using a captive bolt and then bled from the jugular vein, following the humane slaughter practices stipulated in the Regulations for Sanitary Inspection and Industrialization of Animal Origin Products [18].



After removing the skin, head, feet, and viscera, the hot carcass weight (HCW) was recorded. The dressing percentage (DP) was calculated as follows: DP, % = HCW/final BW × 100. Subsequently, the weights of the kidney, pelvic, and inguinal fat (KPIF) were recorded at the time of slaughter. The weights of the reticulum-rumen, omasum, abomasum, and intestines were recorded after evisceration and removal of their contents. After 24 h of chilling (4 °C), the carcasses were weighed to obtain the chilled carcass weight (CCW). The chilling loss was calculated using the following equation: Chilling loss, % = [(HCW − CCW)/HCW] × 100. Subsequently, the left half-carcass of each bull was subdivided into hindquarter, forequarter, and combined plate, flank, and short ribs. The hindquarter was deboned to determine the weights and percentages of retail cuts, bones, and trim.



The pH and temperature of the Longissimus thoracis (LT) muscle at the 12th rib level were measured 1 and 24 h after slaughter using a digital thermometer (Incoterm, Porto Alegre, RS, Brazil) and a pH meter equipped with a penetration probe (model HI8314, Hanna Instruments, São Paulo, SP, Brazil).




2.4. Meat Quality Analyses


Twenty-four hours after chilling, three steaks (2.54 cm thick) were collected from the LT muscle between the 10th and 12th thoracic vertebrae of the left half of the carcass. Immediately after cutting, two steaks were individually vacuum-packed and refrigerated at 2 °C for 7 and 14 days for subsequent analysis of color, cooking loss (CL), and Warner–Bratzler shear force (WBSF). Meanwhile, the third steak from each bull was analyzed immediately.



To measure color, samples were removed from the vacuum packages, allowed to bloom for 30 min and then L*, a*, and b* values were estimated on the surface of the steaks, at three different points, using a CM2500d spectrophotometric colorimeter (Konica Minolta Brazil, São Paulo, SP, Brazil), with a 10 mm aperture size, illuminant A, and 10° observer angle [19].



Cooking loss and WBSF were evaluated following the methodology outlined by the American Meat Science Association [20]. Initially, the steaks were weighed to determine their initial weight. Then, a thermometer was inserted into the geometric center of each sample, which was subsequently heated in an industrial electric oven (model F130/L, Fornos Elétricos Flecha de Ouro Ind. e Com. Ltd.a., São Paulo, SP, Brazil) at 170 °C until the internal temperature of the samples reached 40 °C. After reaching the desired temperature, samples were flipped and allowed to continue cooking in the oven until the internal temperature reached 71 °C. Subsequently, samples were removed from the oven, cooled to room temperature (22 °C), and weighed. The cooking loss value was obtained as a percentage using the following formula: CL, % = ((Initial weight − final weight)/initial weight) × 100.



After weighing, the steaks were wrapped in plastic film and refrigerated at 4 to 6 °C for 12 h. To evaluate WBSF, six cores with a diameter of 1.27 cm, parallel to the orientation of the muscle fibers, were collected using a bench drill. These cores were subjected to a shearing test at a 200 mm/min rate using a Warner–Bratzler blade attached to a TMS-PRO texture analyzer (Food Technology Corporation, Sterling, VA, USA). The WBSF was determined as the average of the values obtained from the six cylindrical samples, and the results were expressed in Newtons (N).




2.5. Statistical Analysis


The data were analyzed using the MIXED procedure of SAS (SAS, version 9.4, Inc., Cary, NC, USA). A randomized block design based on the initial weight of the animals was adopted for analyzing the weights during the growing and finishing phases, ultrasound measurements, and meat quality at various post-mortem times.



Repeated measures over time, such as body weight, carcass ultrasonography, and analyses of aged meat, the weaning treatment (EW at 150 days vs. CW at 240 days), evaluation time (body weight in growing and finishing phases; carcass ultrasonography on days 1, 34, and 62; and meat analyses on days 1, 7, and 14 post-mortem) and treatment × time interaction were considered as fixed effects. Meanwhile, the weaning group (based on the four birth groups), cow category (primiparous or multiparous), block, and slaughter group were used as random effects. Covariance matrices were tested, and the one that showed the best fit was selected. For characteristics with a single measurement (feedlot performance, carcass traits after slaughter), the weaning treatment was considered a fixed effect and the block as a random effect.



Effects were considered significant when p values were less than 0.05 and indicated a trend when 0.05 < p ≤ 0.10.





3. Results


3.1. Performance in the Growing and Finishing Phases and Carcass Ultrasound


There was a significant treatment × age interaction BW during the growing phase (p < 0.001; Figure 2). The BW was not different at the time of EW, but CW calves were heavier (p ≤ 0.001) by d 240 and at every subsequent evaluation during the growing period.



The BW of the CW group was higher (p < 0.001) than the EW throughout the finishing period; at feedlot entry, CW bulls were ~36 kg heavier than EW (Table 2). At the end of the finishing period, the BW difference between the groups remained, with the CW bulls being ~41 kg heavier than the EW bulls (p < 0.001). Additionally, CW bulls tended to have a greater feed intake than EW bulls during the feedlot period (p = 0.083). However, no treatment effect on ADG and FE was observed.



Regarding carcass ultrasound measurements, no interaction was observed between the weaning group and day of evaluation (Figure 3). The REAu, SFTu, and RFTu values increased with time on feed (p < 0.001). The REAu was greater for CW bulls (p = 0.002); in contrast, the RFTu was greater for the EW group (p = 0.014). No effect was observed for the SFTu (p = 0.605), except for the day of evaluation (p < 0.001).




3.2. Carcass Characteristics and Retail Cuts Yield


The CW bulls had heavier carcasses compared to EW bulls (p < 0.001; Table 3), but no difference was found for dressing percentage, REA, STF, or kg of KPIF. However, KPIF expressed as a percentage of carcass weight was greater for EW compared to CW (p = 0.008).



Bulls from the CW group had heavier primal cuts (forequarter, thin flank, and hindquarter) than EW bulls (p < 0.001), but no difference was observed when primal cuts were expressed as the percentage of carcass weight (Table 3). In addition, CW bulls had heavier (p < 0.001) retail cuts and bone in the hindquarter than EW bulls, but the kg of trim was similar between treatments. Though retail cuts and bone as a percentage of hindquarter weight were not impacted by treatment, EW bulls had a greater (p = 0.055) percentage of trim in the hindquarter compared to CW bulls.



The pH measurements of the carcasses collected at 1 and 24 h were not affected by the weaning age of the calves, averaging 6.9 and 5.6 for 1 and 24 h, respectively (Table 3). Likewise, the carcass temperatures were not influenced by the weaning age of the calves, remaining at an average of 39.5 °C and 6.2 °C after 1 and 24 h post mortem, respectively.




3.3. Meat Quality


No treatment × time interaction nor weaning group effects were observed for any beef quality traits, but they were all affected by the ageing period (Table 4).





4. Discussion


Early weaning emerges as a promising strategy to optimize the metabolic status of cows, playing a crucial role in improving conception rates during the subsequent reproductive season [21,22]. A parallel study conducted by our research group involving 208 lactating cows (including those from the present study) revealed that cows subjected to early weaning showed an approximately 28% greater pregnancy rate in two fixed-time artificial inseminations [5]. In the Brazilian breeding system, where the reproductive season occurs during a period of adequate forage supply and quality, traditional weaning at 210 days of lactation coincides with a time when cows encounter limitations in forage availability and quality [3]. Therefore, weaning to reduce nutritional requirements associated with lactation would allow for the redistribution of nutrients to maternal tissues, resulting in improved body condition of cows before the period of forage scarcity and low quality [23]. This process not only improves the maternal condition but can also improve the flow of nutrients to the fetus starting from mid-gestation [22,24]. Additionally, by eliminating the nutritional requirements associated with lactation, cows reduce their feed intake during the weaning period, thus preserving forage resources during the extended dry season [25].



Concerning calves, the weaning process typically represents an event that can induce stress, exposing the animals to physiological, physical, and psychological challenges with direct implications for their performance and health [26]. Although early weaning is an interesting strategy to enhance the reproductive performance of cows, this practice can entail significant disadvantages for calves, mainly when adequate nutritional conditions are not provided after this period [25]. Studies on early weaning in beef calves have revealed that the implementation of post-weaning supplementation strategies can equalize the performance of traditionally weaned calves, especially when the latter do not receive supplementation [16,21,27]. In the present study, the results indicate that calves in the EW group exhibited reduced body weight compared with those in the CW group from 240 days of age and continuing throughout the experiment. This result was expected and supports our hypothesis, as although supplementation strategies were implemented before the early weaning of calves until the beginning of the feedlot, the CW group also received the same supplemental plane. Therefore, the differences in body weight that persisted throughout subsequent production phases resulted from the additional milk intake period in CW calves compared to the EW group. Furthermore, the difference in response to early weaning, especially regarding the BW of calves in subsequent stages in this study and the results observed in other analyzed research, may be attributed to distinct feeding practices [25,28,29]. While the literature emphasizes advantages in weight gain for early weaned calves due to the immediate implementation of high-concentrate diets, the results of the current experiment challenge this trend. In this study, all calves received similar levels of protein and energy supplementation from day 150 to 240, regardless of the treatment. Therefore, the additional period of milk intake in CW calves may represent an advantage in terms of body weight during this interval.



Despite the reduced BW observed in EW calves compared with CW calves, it is relevant to emphasize that early weaned calves have the potential to achieve productivity levels similar to their conventionally weaned counterparts. Given the expectation that calves experiencing a period of slow growth due to nutritional stress caused by early weaning may regain body weight once nutritional conditions are restored, the compensatory gain could have been anticipated [12,30,31]. However, the compensatory gain was not evident in the present study, as the weight difference caused by the weaning treatment persisted in subsequent productive phases. Nevertheless, this study also demonstrates that, following the immediate weaning period (between 150 and 240 days), early weaned calves can perform comparably to contemporaneously conventionally weaned animals throughout the growing and finishing phases (Figure 2 and Table 2). This outcome can be attributed to the reduction in stress from abrupt weaning, facilitated by the adoption of feeding strategies such as creep-feeding [32,33].



During the finishing phase, although there was a tendency for CW bulls to have a greater feed intake, the age of weaning did not impact FE in the feedlot. Previous studies involving early weaning of beef cattle between 100 and 152 days of age showed higher FE, where weaned calves entered the finishing phase on a high-energy diet at younger ages and lower weights than their conventionally weaned counterparts [15,28,34]. However, in studies where early weaned calves were placed in the feedlot at the same age as their contemporaries subjected to conventional weaning, no FE or conversion differences were observed during the finishing phase [12,29]. These findings align with the results of our research, suggesting that while early weaning may influence FE in the initial stages, such differences cannot persist in the finishing phase. This underscores the importance of considering the specific context of the production system and the developmental stage of the animals for a comprehensive understanding of the effects of early weaning. Therefore, considering factors such as pre-weaning management, the nutritional regime immediately after weaning, and variations in age at the finishing phase in the feedlot, different responses may arise between previous studies and the observations of the current research.



Analysis of the effects of early weaning on carcass characteristics in Nellore beef cattle is limited in the literature. The present study demonstrates that EW reduced carcass weight due to the persistence of the weight difference among the calves in both treatment protocols. This observation contrasts with previous studies that found no differences in hot carcass weight between early weaned and conventionally weaned calves [12,15,29,35,36]. It is essential to highlight that, as indicated in the studies mentioned, early weaned calves (between 70 and 152 days) were fed to high-concentrate supplementation regimes, and in some of these studies, the calves were immediately placed into a feedlot right after weaning. Therefore, the longer feeding duration with high-concentrate diets before slaughter could have been a determining factor for early weaned calves to achieve carcass weights like those of conventionally weaned calves. However, Barker-Neef, Buskirk, Blackt, Doumit and Rust [28] reported that calves weaned early at 100 days had lighter carcasses than those conventionally weaned at 200 days of age, even when slaughtered under similar fat thickness criteria.



It is suggested that implementing a high-energy diet during the finishing phase in the feedlot, especially for lighter animals that have not reached full muscle development, may lead to an earlier onset of fat deposition, resulting in lower muscularity [37]. This observation is supported by the greater RFTu in early weaned calves (Figure 3). Additionally, based on net energy maintenance calculations, Barker-Neef, Buskirk, Blackt, Doumit and Rust [28] propose that even with identical net energy requirements for gain between early weaned and conventionally weaned animals, conventionally weaned steers require 20% more energy for maintenance simply because of the body weight differences. Therefore, although one of the slaughter criteria in this experiment was maintaining a similar SFT in animals from both treatments, a greater accumulation of RFTu was observed in early weaned bulls. Fat deposition in this region typically occurs earlier than in the dorsal area [38], and it is plausible that, due to lower maintenance demands in early weaned calves, as explained earlier by Barker-Neef, Buskirk, Blackt, Doumit and Rust [28], our findings regarding fat accumulation in this region are validated.



The ribeye area, correlated with muscle tissue deposition in the carcass [39], showed a significant increase detected via ultrasound in the carcasses of animals managed with a conventional weaning strategy in the present study during the feedlot period. This variation is strongly associated with carcass weights [40], influenced by maintaining body weight differences in the calves during weaning. Nevertheless, this difference in the ribeye area at the end of the finishing period was less pronounced and disappeared after slaughter among the tested treatments. Although there was a tendency for CW bulls to have greater feed intake due to their greater BW at the beginning of the feedlot, it is likely that this additional feed intake, as the cattle approach a mature BW, does not meet the needs for protein energy retention. Therefore, the differences observed in the weights of the primal cuts, being greater in CW bulls, can be related to the persistence of BW differences established between the periods of early and conventional weaning rather than an increase in the rate of muscle deposition in the carcass during the feedlot period (Table 3). This finding is reinforced by the absence of a difference in the yield percentage between animals weaned early or conventionally, considering the correlation of this measure with the amount of muscle in the carcass [41].



The meat quality traits, such as color, tenderness, and cooking losses, are inherently associated with the rate of pH decline and the final pH [42,43,44]. Post-mortem alterations in the rate of pH decline and the final pH can impact biochemical activity and muscle structure, consequently affecting these meat quality properties [43]. Furthermore, pre-slaughter management and nutrition are factors with a significant influence on carcass pH. In this study, we did not observe significant impacts on these characteristics concerning the weaning time of the calves. This outcome can be attributed to the uniformity in both the post-weaning feeding regime and the pre-slaughter management applied to the bulls, meaning that the final pH values of the carcasses in both treatments remained within the normal limits (pH = 5.6) after the muscle conversion into meat [43]. The lack of effect of the calves’ weaning time on meat tenderness aligns with other studies, indicating that the final pH and, consequently, meat tenderness were similar between early weaned and traditionally weaned animals [28,45,46,47,48].



Another factor contributing to the absence of differences in meat quality traits is related to the subcutaneous fat deposition on the carcasses. This study indicates that one of the criteria for slaughtering the bulls was a similar level of subcutaneous fat in both treatments. Subcutaneous fat acts as thermal insulation during carcass chilling, allowing for a more gradual temperature drop. This reduces the incidence of cold shortening of muscle fibers, strongly associated with tenderness, color, and water retention in the meat [49].




5. Conclusions


The early weaning practice affects the body weight of calves and results in lower BW, but does not negatively affect ADG or FE. Despite the lower carcass weight due to lower BW in calves weaned early, characteristics such as dressing percentage, rib eye area, subcutaneous fat thickness, and meat quality are not compromised. Given the challenges posed by the lower BW, the importance of future research focused on nutritional and health management strategies that can offset this impact is highlighted. Exploring adjustments in diet or specific supplementation for early weaned calves may be crucial to optimize productive outcomes.







Author Contributions


Conceptualization and methodology, P.R.L., A.S.N., G.P. and S.L.S.; investigation, G.A., M.S.d.P.C., B.I.P.G. and L.B.d.A.; data curation, G.A., G.D.R.-Z., M.S.d.P.C., B.I.P.G. and L.B.d.A.; supervision, P.R.L., R.S.G. and S.L.S.; validation C.R.D.; formal analysis, S.L.S. and G.D.R.-Z.; writing—original draft preparation, G.A., G.D.R.-Z. and M.S.d.P.C.; writing—review and editing, P.R.L., G.D.R.-Z., A.S.N., R.S.G., G.P., C.R.D. and S.L.S.; project administration, P.R.L. and R.S.G., funding acquisition, P.R.L., A.S.N., G.P. and S.L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by FAPESP, grant number 2017/18937-0. This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES)—Finance Code 001.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee on the Use of Animals of the College of Animal Science and Food Engineering at the University of São Paulo (Protocol No. 2884250620).




Informed Consent Statement


Not applicable.




Data Availability Statement


All relevant data are presented within the paper.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Silvestre, A.M.; Millen, D.D. The 2019 Brazilian survey on nutritional practices provided by feedlot cattle consulting nutritionists. Rev. Bras. Zootec. 2021, 50, e20200189. [Google Scholar] [CrossRef]

	



ABIEC. Associação Brasileira das Indústrias Exportadoras de Carne. Available online: https://www.abiec.com.br/wp-content/uploads/Final-Beef-Report-2023-Cap04.pdf (accessed on 8 October 2023).

	



Ferraz, J.B.S.; de Felício, P.E. Production systems–An example from Brazil. Meat Sci. 2010, 84, 238–243. [Google Scholar] [CrossRef]

	



Costa e Silva, L.F.; Engle, T.E.; de Valadares Filho, S.; Rotta, P.P.; Villadiego, F.A.C.; Silva, F.A.S.; Martins, E.C.; Silva, L.H.R.; Paulino, M.F. Nellore cows and their calves during the lactation period: Performance, intake, milk composition, and total apparent digestibility. Trop. Anim. Health Prod. 2015, 47, 735–741. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, T.K.; Silva, A.G.d.; Abitante, G.; Dahlen, C.R.; Goulart, R.S.; Zamudio, G.D.R.; Silva, S.L.; Santana, M.H.d.A.; Saran Netto, A.; Leme, P.R. Effects of early weaning on the reproductive performance of suckled Nelore cows in the subsequent breeding season. J. Anim. Sci. 2023, skad330. [Google Scholar] [CrossRef] [PubMed]

	



Arthington, J.D.; Kalmbacher, R.S. Effect of early weaning on the performance of three-year-old, first-calf beef heifers and calves reared in the subtropics. J. Anim. Sci. 2003, 81, 1136–1141. [Google Scholar] [CrossRef]

	



Bauman, D.E.; Currie, W.B. Partitioning of nutrients during pregnancy and lactation: A review of mechanisms involving homeostasis and homeorhesis. J. Dairy Sci. 1980, 63, 1514–1529. [Google Scholar] [CrossRef] [PubMed]

	



Lusby, K.S.; Wettemann, R.P.; Turman, E.J. Effects of early weaning calves from first-calf heifers on calf and heifer performance. J. Anim. Sci. 1981, 53, 1193–1197. [Google Scholar] [CrossRef]

	



Barnes, K.C.; Selk, G.E.; Lusby, K.S. Early weaning fall-born beef calves for improved rebreeding or decreased winter feed. Okla. Agric. Exp. Sta. Res. Rep. 1996, 951, 85–87. [Google Scholar]

	



Wardrop, I.D. The effects of the plane of nutrition in early post-natal life on the subsequent growth and development of cattle. Aust. J. Agric. Res. 1966, 17, 375–385. [Google Scholar] [CrossRef]

	



Restle, J.; Polli, V.A.; Alves Filho, D.C.; Senna, D.B.d.; Vaz, R.Z.; Bernardes, R.A.C.; Silva, J.H.S.d. Desenvolvimento de bovinos de corte de diferentes grupos genéticos desmamados aos 3 ou 7 meses de idade. Rev. Bras. Zootec. 1999, 28, 1023–1030. [Google Scholar] [CrossRef]

	



Arthington, J.D.; Spears, J.W.; Miller, D.C. The effect of early weaning on feedlot performance and measures of stress in beef calves. J. Anim. Sci. 2005, 83, 933–939. [Google Scholar] [CrossRef]

	



Vaz, R.Z.; Lobato, J.F.P. Efeito da idade do desmame no desenvolvimento de novilhas de corte até os 14/15 meses de idade. Rev. Bras. Zootec. 2010, 39, 289–298. [Google Scholar] [CrossRef]

	



Fluharty, F.L.; Loerch, S.C.; Turner, T.B.; Moeller, S.J.; Lowe, G.D. Effects of weaning age and diet on growth and carcass characteristics in steers. J. Anim. Sci. 2000, 78, 1759–1767. [Google Scholar] [CrossRef]

	



Myers, S.E.; Faulkner, D.B.; Ireland, F.A.; Parrett, D.F. Comparison of three weaning ages on cow-calf performance and steer carcass traits. J. Anim. Sci. 1999, 77, 323–329. [Google Scholar] [CrossRef]

	



Pedro, A.E.; Torrecilhas, J.A.; Torres, R.N.S.; Ramírez-Zamudio, G.D.; Baldassini, W.A.; Chardulo, L.A.L.; Curi, R.A.; Russo, G.H.; Napolitano, J.A.; Bezerra Tinoco, G.L. Early Weaning Possibly Increases the Activity of Lipogenic and Adipogenic Pathways in Intramuscular Adipose Tissue of Nellore Calves. Metabolites 2023, 13, 1028. [Google Scholar] [CrossRef]

	



Silva, S.d.L.; Tarouco, J.U.; Ferraz, J.B.S.; Gomes, R.d.C.; Leme, P.R.; Navajas, E.A. Prediction of retail beef yield, trim fat and proportion of high-valued cuts in Nellore cattle using ultrasound live measurements. Rev. Bras. Zootec. 2012, 41, 2025–2031. [Google Scholar] [CrossRef]

	



Brasil. Regulamento da Inspeção Industrial e Sanitária de Produtos de Origem Animal [Food of Animal Origin Sanitary and Industry Inspection]. Available online: https://www.abrafrigo.com.br/wp-content/uploads/2017/01/Decreto-n%C2%BA-9.013_29_03_17_NOVO-REGULAMENTO-RIISPOA.pdf (accessed on 29 February 2024).

	



AMSA. Meat Color Measurement Guidelines; American Meat Science Association: Champaign, IL, USA, 2012; Volume 61820, pp. 1–135. [Google Scholar]

	



AMSA. Research Guidelines for Cookery, Sensory Evaluation, and Instrumental Tenderness Measurements of Fresh Meat; American Meat Science Association and National Live Stock and Meat Board: Chicago, IL, USA, 1995. [Google Scholar]

	



Oliveira, L.O.F.d.; Abreu, U.G.P.d.; Gomes, R.d.C.; Nogueira, É.; Silva, J.C.B.; Costa, T.G. Productive performance of pre-weaned calves reared in the Pantanal. Ciência Anim. Bras. 2019, 20, e-51187. [Google Scholar] [CrossRef]

	



Wiseman, A.; Redden, M.; McGee, A.; Spencer, C.; Reuter, R.; Horn, G.; Lalman, D. Effects of timing of weaning on energy utilization in primiparous beef cows and post-weaning performance of their progeny. J. Anim. Sci. 2019, 97, 1198–1211. [Google Scholar] [CrossRef] [PubMed]

	



Waterman, R.C.; Grings, E.E.; Geary, T.W.; Roberts, A.J.; Alexander, L.J.; MacNeil, M.D. Influence of seasonal forage quality on glucose kinetics of young beef cows. J. Anim. Sci. 2007, 85, 2582–2595. [Google Scholar] [CrossRef]

	



Meneses, J.A.M.; Nascimento, K.B.; Galvão, M.C.; Ramírez-Zamudio, G.D.; Gionbelli, T.R.S.; Ladeira, M.M.; Duarte, M.d.S.; Casagrande, D.R.; Gionbelli, M.P. Protein Supplementation during Mid-Gestation Alters the Amino Acid Patterns, Hepatic Metabolism, and Maternal Skeletal Muscle Turnover of Pregnant Zebu Beef Cows. Animals 2022, 12, 3567. [Google Scholar] [CrossRef]

	



Bruzzone, O.; Castillo, D.A.; Villagra, E.S. Growth curve of early-weaned Hereford calves in a semidesert temperate zone (Patagonia, Argentina). Livest. Sci. 2022, 259, 104908. [Google Scholar] [CrossRef]

	



Duff, G.C.; Galyean, M.L. Board-invited review: Recent advances in management of highly stressed, newly received feedlot cattle. J. Anim. Sci. 2007, 85, 823–840. [Google Scholar] [CrossRef]

	



Schultz, C.L.; Ely, D.G.; Aaron, D.K.; Burden, B.T.; Wyles, J. Comparison of an early and normal weaning management system on cow and calf performance while grazing endophyte-infected tall fescue pastures. J. Anim. Sci. 2005, 83, 478–485. [Google Scholar] [CrossRef]

	



Barker-Neef, J.M.; Buskirk, D.D.; Blackt, J.R.; Doumit, M.E.; Rust, S.R. Biological and economic performance of early-weaned Angus steers. J. Anim. Sci. 2001, 79, 2762–2769. [Google Scholar] [CrossRef]

	



Wolcott, M.L.; Graser, H.U.; Johnston, D.J. Effects of early weaning on growth, feed efficiency and carcass traits in Shorthorn cattle. Anim. Prod. Sci. 2010, 50, 315–321. [Google Scholar] [CrossRef]

	



Heinemann, W.W.; Van Keuren, R.W. Irrigated Pasture Studies with Beef Cattle: First Year of Grazing after Establishment of Pastures; Washington Agricultural Experiment Stations, Institute of Agricultural Sciences, State College of Washington: Washington, DC, USA, 1955. [Google Scholar]

	



Meyer, J.H.; Hull, J.L.; Weitkamp, W.H.; Bonilla, S. Compensatory growth responses of fattening steers following various low energy intake regimes on hay or irrigated pasture. J. Anim. Sci. 1965, 24, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Lardy, G.P.; Maddock, T.D. Creep feeding nursing beef calves. Vet. Clin. N. Am. Food Anim. Pract. 2007, 23, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Myers, S.E.; Faulkner, D.B.; Ireland, F.A.; Berger, L.L.; Parrett, D.F. Production systems comparing early weaning to normal weaning with or without creep feeding for beef steers. J. Anim. Sci. 1999, 77, 300–310. [Google Scholar] [CrossRef]

	



Fausti, S.; Landblom, D.; Johnson, P.; Beutler, M.; Gates, R.N.; Salverson, R.R.; Patterson, H.H.; Paisley, S.I. The effect of early vs normal calf weaning on feedlot performance and herd management: A northern plains case study. J. ASFMRA 2007, 2007, 128–132. [Google Scholar] [CrossRef]

	



Lobato, J.F.P.; Almeida, L.S.P.d.; Osório, E.B.; Müller, A. Efeito da idade de desmame no desenvolvimento e nas características de carcaça de novilhos de corte. Rev. Bras. Zootec. 2007, 36, 596–602. [Google Scholar] [CrossRef]

	



Lusby, K.S.; Gill, D.R.; Anderson, D.M.; Gardner, T.L.; Dolezal, H.G. Limit feeding vs. full feeding high concentrate diets to early weaned calves-effects on performance to slaughter. Anim. Sci. Res. Rep. 1990, 129, 128–134. [Google Scholar]

	



Owens, F.N.; Gill, D.R.; Secrist, D.S.; Coleman, S.W. Review of some aspects of growth and development of feedlot cattle. J. Anim. Sci. 1995, 73, 3152–3172. [Google Scholar] [CrossRef] [PubMed]

	



Berg, R.T.; Butterfield, R.M. New Concepts of Cattle Growth; Sydney University Press, University of Sydney: Sydney, Australia, 1976. [Google Scholar]

	



Williams, A.R. Ultrasound applications in beef cattle carcass research and management. J. Anim. Sci. 2002, 80, E183–E188. [Google Scholar] [CrossRef]

	



Leme, P.R.; Boin, C.; Margarido, R.C.C.; Tedeschi, L.O.; Hausknecht, J.; Alleoni, G.F.; Luchiari Filho, A. Growth performance in feedlot and carcass characteristics of beef cattle from several crossbreds slaughtered in three body weight ranges. Rev. Bras. Zootec. 2000, 29, 2347–2353. [Google Scholar]

	



Restle, J.; Grassi, C.; Feijó, G.L.D. Desenvolvimento e rendimento de carcaça de bovinos inteiros ou submetidos a duas formas de castração, em condições de pastagem. R. Soc. Bras. Zootec. 1996, 25, 324–333. [Google Scholar]

	



Huff-Lonergan, E.; Lonergan, S.M. Mechanisms of water-holding capacity of meat: The role of postmortem biochemical and structural changes. Meat Sci. 2005, 71, 194–204. [Google Scholar] [CrossRef] [PubMed]

	



Ramanathan, R.; Hunt, M.C.; Mancini, R.A.; Nair, M.N.; Denzer, M.L.; Suman, S.P.; Mafi, G.G. Recent Updates in Meat Color Research: Integrating Traditional and High-Throughput Approaches. Meat Muscle Biol. 2020, 4. [Google Scholar] [CrossRef]

	



Lomiwes, D.; Farouk, M.M.; Wu, G.; Young, O.A. The development of meat tenderness is likely to be compartmentalised by ultimate pH. Meat Sci. 2014, 96, 646–651. [Google Scholar] [CrossRef]

	



Schoonmaker, J.P.; Fluharty, F.L.; Loerch, S.C.; Turner, T.B.; Moeller, S.J.; Wulf, D.M. Effect of weaning status and implant regimen on growth, performance, and carcass characteristics of steers. J. Anim. Sci. 2001, 79, 1074–1084. [Google Scholar] [CrossRef]

	



Meyer, D.L.; Kerley, M.S.; Walker, E.L.; Keisler, D.H.; Pierce, V.L.; Schmidt, T.B.; Stahl, C.A.; Linville, M.L.; Berg, E.P. Growth rate, body composition, and meat tenderness in early vs. traditionally weaned beef calves. J. Anim. Sci. 2005, 83, 2752–2761. [Google Scholar] [CrossRef]

	



Blanco, M.; Villalba, D.; Ripoll, G.; Sauerwein, H.; Casasús, I. Effects of early weaning and breed on calf performance and carcass and meat quality in autumn-born bull calves. Livest. Sci. 2009, 120, 103–115. [Google Scholar] [CrossRef]

	



Blanco, M.; Villalba, D.; Ripoll, G.; Sauerwein, H.; Casasús, I. Effects of pre-weaning concentrate feeding on calf performance, carcass and meat quality of autumn-born bull calves weaned at 90 or 150 days of age. Animal 2008, 2, 779–789. [Google Scholar] [CrossRef] [PubMed]

	



Ertbjerg, P.; Puolanne, E. Muscle structure, sarcomere length and influences on meat quality: A review. Meat Sci. 2017, 132, 139–152. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 14 00779 g001] 





Figure 1. Experimental design of Nellore calves subjected to early weaning (EW; 150 days) or conventional weaning (CW; 240 days). 
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Figure 2. Body weight during the growing phase of calves subjected to early weaning (150 days) or conventional weaning (240 days). * Treatment means differ by student t test (p < 0.001). 
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Figure 3. Ultrasound measurements during the finishing phase of calves subjected to early weaning (150 days) or conventional weaning (240 days). * Treatment means differ by student t test (p < 0.001). 
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Table 1. Supplement ingredients for cow-calf and growing phases, and adaptation and finishing diets in feedlot management.
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Item

	
Supplements

	




	
Cow-Calf

	
Growing

	
Finishing Diet






	
Ingredients, % DM




	
Corn silage

	
-

	
-

	
29.6




	
Ground corn

	
59.5

	
64.9

	
64.3




	
Soybean meal

	
35.0

	
28.5

	
2.6




	
Urea

	
-

	
2.5

	
1.4




	
Mineral mix 1

	
1.5

	
2.1

	
0.6




	
Salt

	
4.0

	
2.0

	
0.5




	
Calcium limestone

	
-

	
-

	
0.6




	
Potassium chloride

	
-

	
-

	
0.4




	
Chemical composition, % DM




	
Dry matter, % NM

	
86.18

	
82.79

	
65.02




	
Crude protein

	
23.76

	
32.81

	
15.32




	
Neutral detergent fiber

	
22.49

	
15.86

	
35.30




	
Acid detergent fiber

	
10.11

	
10.87

	
15.78




	
Ether extract

	
2.48

	
2.46

	
2.78




	
Total digestible nutrients

	
80.71

	
80.70

	
77.34








1 The composition of the mineral mix contained (per kg): calcium (max/min), 230–200 g; phosphorus, 160 g; sulfur, 60 g; zinc, 8100 mg; sodium monensin, 4000 mg; copper, 2700 mg; manganese, 2700 mg; fluorine (max), 1600 mg; cobalt, 160 mg; iodine, 135 mg; selenium, 80 mg.













 





Table 2. Performance during feedlot finishing of young bulls undergoing early (150 days) or conventional (240 days) weaning.
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Item

	
Weaning

	
SEM

	
p-Value




	
Early

	
Conventional






	
Initial body weight, kg

	
440

	
476

	
18.9

	
<0.001




	
Final body weight, kg

	
570

	
611

	
198

	
<0.001




	
Average daily gain, kg/day

	
1.55

	
1.60

	
0.15

	
0.284




	
Dry matter intake, kg/day

	
10.8

	
11.2

	
0.33

	
0.083




	
Feed efficiency, g ADG/kg DMI

	
144.3

	
143.3

	
9.79

	
0.803











 





Table 3. Characteristics and yields of carcass and hindquarter cuts of young bulls undergoing early weaning (150 days) or conventional weaning (240 days).
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Item

	
Weaning

	
SEM

	
p-Value




	
Early

	
Conventional






	
Carcass characteristics




	
Hot carcass weight, kg

	
323

	
347

	
10.56

	
<0.001




	
Dressing percentage, %

	
56.7

	
57.0

	
0.46

	
0.447




	
Ribeye area, cm2

	
83.2

	
82.5

	
1.33

	
0.686




	
Subcutaneous fat thickness, mm

	
4.0

	
4.0

	
0.33

	
0.999




	
Renal, pelvic, and inguinal fat, kg

	
12.1

	
11.4

	
0.39

	
0.233




	
Renal, pelvic, and inguinal fat, % 1

	
3.7

	
3.2

	
0.12

	
0.008




	
pH and temperature




	
pH1h

	
6.9

	
6.9

	
0.02

	
0.489




	
pH24h

	
5.6

	
5.6

	
0.03

	
0.586




	
Temperature1h

	
39.6

	
39.3

	
0.38

	
0.202




	
Temperature24h

	
6.34

	
6.21

	
0.52

	
0.359




	
Primal cuts weight, kg




	
Forequarter

	
60.8

	
65.7

	
1.27

	
<0.001




	
Thin Flank

	
22.2

	
23.6

	
0.95

	
<0.001




	
Hindquarter

	
74.3

	
79.0

	
1.34

	
<0.001




	
Primal cuts yield, % 2




	
Forequarter

	
38.3

	
38.6

	
0.34

	
0.284




	
Thin Flank

	
14.4

	
14.3

	
0.50

	
0.533




	
Hindquarter

	
47.4

	
47.1

	
0.30

	
0.410




	
Hindquarter tissues, kg




	
Retail cuts

	
51.8

	
55.3

	
1.05

	
<0.001




	
Bones

	
13.8

	
14.7

	
0.46

	
<0.001




	
Trimmings

	
5.2

	
5.1

	
0.22

	
0.763




	
Hindquarter tissues 3




	
Retail cuts

	
68.8

	
69.0

	
0.36

	
0.654




	
Bones

	
18.6

	
18.7

	
0.24

	
0.724




	
Trimming

	
6.9

	
6.4

	
0.21

	
0.055








1 HCW: Percentage of renal, pelvic, and inguinal fat in relation to carcass weight; 2 Percentage of primal cuts in relation to the weight of the left half carcass; 3 Percentage of tissues in relation to hindquarter weight.













 





Table 4. Meat quality at different post-mortem days of young bulls undergoing early weaning (150 days) or conventional (240 days).
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Trait

	
Weaning

	
SEM

	
Ageing Days

	
SEM

	
p-Value




	
Early

	
Conventional

	
1

	
7

	
14

	
Weaning

	
Ageing

	
Weaning × Ageing






	
Color L*

	
44.6

	
44.1

	
0.53

	
42.1

	
46.1

	
44.9

	
0.55

	
0.153

	
<0.001

	
0.416




	
Color a*

	
22.6

	
23.1

	
0.55

	
21.8

	
22.6

	
24.2

	
0.57

	
0.103

	
<0.001

	
0.592




	
Color b*

	
16.6

	
16.8

	
0.33

	
14.5

	
17.1

	
18.0

	
0.35

	
0.427

	
<0.001

	
0.091




	
Cooking losses, %

	
26.2

	
27.4

	
2.91

	
24.8

	
25.8

	
29.9

	
2.95

	
0.150

	
<0.001

	
0.104




	
WBSF 1, N

	
58.1

	
60.6

	
5.00

	
67.1

	
56.6

	
54.4

	
5.10

	
0.144

	
<0.001

	
0.915








1 WBSF: Warner–Bratzler shear force.
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