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Abstract

:

The objective of this study was to analyze sexual dimorphism with regard to the bone quality of Ross 308 broilers. The relationship between carcass traits, performance and bone quality was analyzed. The effect of sex and age at slaughter was examined in four replicates, always on day 31 and day 38. The weight, length, minimum diameter and breaking strength of the tibiotarsi were measured to determine the bone quality. Female tibiotarsi were shorter, lighter and had a lower minimum diameter and breaking strength compared to male ones. The tibiotarsi of older broilers were found to show higher values in the three-point bending test. The effects on broiler performance were determined by measuring the live body weight, carcass and cut weights. The results demonstrate significant effects of the age at slaughter and the sex (p < 0.001) on all measured parameters, with males always reaching higher values compared to females. A strong correlation of performance and bone parameters could be observed between live weight and weight of the tibiotarsi on both days of data collection. Therefore, it could be beneficial to raise female and male broilers separately. However, in order to make specific recommendations for practice, further knowledge is necessary.
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1. Introduction


Many avian species show a distinct sexual dimorphism in color, size or shape. In poultry production, it can be useful to rear males and females separately if the disparities, especially in the size and therefore in the live weight, are striking. Turkeys provide one example for this method, because sex differences in live body weight are strongly pronounced and increase by age [1]. Female turkeys start overproducing fat instead of muscle tissue over time, if they are reared together with the males and are fed the same diet. Furthermore, females reach their peak of the growth rate 25 days earlier compared to males [1]. However, with regard to animal welfare, it is important that there is a market for both sexes.



Conventional broiler chickens are usually housed as hatched (hence mixed sex). Conventional production cycles normally last no longer than 38 to 42 days, and the breeding company attests only small differences regarding the live body weight of male and female broilers at that age. As an example, the live weights mentioned for the conventional strain Ross 308, the strain of the animals in this study, are 2093 g for female and 2376 g for male broilers after 35 days of fattening [2]. In addition, sex determination is laborious and, especially for the large number of animals needed for the conventional broiler production, very time-consuming. Nevertheless, previous studies describe significant sex differences in live body weight and other performance parameters [3,4,5,6,7]. The variations in performance parameters of male and female broilers depend on the availability of food and water. Marks [8] observed no sexual dimorphism if broilers were housed under water-restricted conditions. However, in the control group, with ad libitum water supply, males were significantly heavier than females. Henry and Burke [9] state that the growth potential is already determined in the early embryonic development. Male embryos with a brooding duration of 20 days have a greater number of myofibers than females, which might be the reason for their greater muscle growth, leading to the higher final weight of male broilers at the end of the fattening period. Besides these factors, sex dimorphism also depends on the strain. Accordingly, several authors found significant differences in performance parameters when comparing different genetics [10,11,12,13]. However, more data about performance and carcass composition of male and female broilers are necessary for a differentiated consideration of the performance potential of each sex. Beside gaps in reporting the genetics used and small sample sizes in some of the studies, there is especially a lack of knowledge on the linkage between performance parameters and the bone quality.



Broiler growth increased within 48 years, from 1957 to 2005, by about more than 400% and the feed conversion ratio decreased by about 50% within this time [14]. However, the breeding for higher growth potentials has to consider the animal’s health. Bone strength is an important factor in this context and has already been considered in earlier studies [15,16,17]. Alkhtib et al. [18] determined the bone quality of broilers of the strain Ross 308 by measuring the length, width, breaking strength and mineral composition of male and female tibiotarsi. Certainly, it is already known that the bone stability is affected by many different factors, such as the strain, nutrition, management and the chosen rearing system [10,19,20]. It was observed that physical activity could help to improve the bone health [16,17] and some studies stated that the growth rate could influence the bone quality in terms of bone mineralization and the incidence of tibial dyschondroplasia [15,21]. Although, there is very little known about potential correlations of the live body weight and the bone strength, as well as about the impact of the bone morphology (length and width) on its strength in consideration of different phases of growth.



The objective of this study was to compare the performance parameters and bone quality of male and female broilers at two different dates of the fattening period and thus at different market classes. It was hypothesized that the bone quality is correlated to performance parameters and would consequently differ between sexes. The intention was to investigate whether the live weight compromises the bone quality and how the bone morphology affects its strength. Thus, broiler production and welfare concerns can be combined. This could be of interest in the context of animal health and welfare. In addition, its aim was to clarify to what extent sexual dimorphism of live body weight and bone strength is pronounced in broilers of the strain Ross 308. Clear and resilient data are necessary to decide whether a rearing system separating males and females could also be useful in commercial broiler production.




2. Materials and Methods


2.1. Animals and Management


The study was performed on a practicing farm in southern Germany. The farm housed 25,000 broilers of the fast-growing strain Ross 308 for each fattening period in a conventional broiler facility. Four replicates were included in the study and all birds of the sample were raised in the same stable (20.5 × 61.0 m). The chicks were supplied by the Brüterei Süd ZN of the BWE-Brüterei Weser-Ems GmbH & Co. KG, Regenstauf, Germany. The breeder age varied between production week 25 and 32 (Table 1) within the four replicates. In three of the four fattening periods, the chicks were sexed directly after hatching and males and females were separated. The barn was divided into two sections by cross-cutting the space with small grids. The males (♂) were housed in the rear and the females (♀) in the front of the barn at a ratio of 12,600 ♂:12,400 ♀ in the first two replicates and 16,000 ♂:9000 ♀ in the third one. The size of the two sections was adjusted to the number of birds delivered, resulting in an approximately 50:50 separation of the barn for the first two fattening periods and a 70:30 separation for fattening period 3. After the thinning on day 31, the grids were removed and males were reared together with females for the last seven days of fattening. With this method, a stocking density of ≤35 kg/m2 was realized for both sexes and the mixed-sex group at any time. In the fourth fattening period, chicks were delivered without sexing and also supplied by the Brüterei Süd ZN of the BWE-Brüterei Weser-Ems GmbH & Co. KG, Regenstauf, Germany. The stocking density for the fourth fattening period was ≤35 kg/m2 as well. The assessments of this fattening period were performed, respectively.



The barn was lengthwise equipped with an elevated platform (55.5 m length × 1.20 m width × 0.7 m height), six drinker lines (290 nipples per line) and four feeder lines (76 round feeders per line). The surface of the platform (~66.6 m2) was not included in the officially provided usable area. Therefore, the stocking density was calculated on the basis of the barn floor area, and the platform area can be considered as an enlargement of the usable space. Straw pellets were used as litter material (1 kg/m2). Long straw was scattered if litter was wet during the fattening period at certain areas of the barn. After every production cycle the litter was removed completely, the facility was washed, disinfected and prepared for the next housing. Before housing, the stable was heated to 33 °C air temperature. The lighting program started with 23 h of artificial light and 1 h of darkness. In the following days, the dark period evenly increased up to 6 h (00–06 a.m.) from the sixth day of fattening until the end of the fattening period.



Food and water were provided ad libitum. Males and females were fed the same commercial fattening diet (Starter, Grower Feed and Finisher, KAMA-Kraftfutterwerk Karl Mansdörfer GmbH & Co. KG, Senden-Iller, Germany). Due to the technical equipment available in the barn, the feed amount could not be recorded separately for males and females. The diets were formulated mainly using wheat, soybean meal extract, corn, colza meal extract and soybean oil. The calculated compositions of the diets are shown in Table 2.



All chicks were vaccinated against infectious bronchitis (day 0) in the hatchery and subsequently against Gumboro (infectious bursal disease) (day 10), against Newcastle disease (day 14) and once more against infectious bronchitis (day 16).




2.2. Data Collection


Animals were slaughtered on day 31 and day 38 within each of the four replicates. The farm generally slaughtered females on day 31, while males were slaughtered on day 38. However, for the collection of data for this study, 60 broilers of both sexes (30 per sex) were randomly selected on both days of slaughtering, placed in separate crates and transported to the slaughterhouse within a distance of 6 km. All broilers were weighed to record the live weight before being slaughtered by electrical stunning and bleeding. Afterwards, all animals of the sample were marked and passed the usual slaughtering process up to the cooling. All carcasses were disjointed in the same way and the determined sex was confirmed by examining the gonads. The parts with skin (wing, breast with bone and thigh) were weighed in grams with a digital scale (Kern 440-53N, Kern & Sohn GmbH, Balingen, Germany) and one thigh (left and right alternating and randomly selected in equal parts) of each carcass was withheld for the preparation of the tibiotarsus. The muscle tissue was carefully removed using a scalpel blade. All bones were weighed in grams (fresh), measured in length (cm) and minimum diameter (mm) (Figure 1) with a digital caliper and then frozen (−20.0 °C) for later determination of the bone breaking strength.



For the three-point bending test, the bones were thawed in small groups (max. 60 bones at a time) and the center point of each bone (Figure 1) was marked. The FMT-310BUK1 Force Tester (ALLURIS GmbH & Co. KG, Freiburg im Breisgau, Germany) was used to measure the peak force (N) and the deformation at peak (mm) by a constant speed of 5 mm/min and a distance between support blocks, on which the bones were placed, of 40 mm.




2.3. Statistical Analysis


The SAS software (SAS, Version 9.4, Statistical Analysis Institute, Cary, NC, USA) was used for statistical analysis.



Data were analyzed using generalized linear mixed models (GLIMMIX procedure), assuming a normal distribution. Residuals and data were checked for distribution based on normality plots created with the univariate procedure in SAS. Parameters referring to the performance included live body and carcass weight, as well as the weight of the thigh, breast and wings. Parameters referring to the bone quality included length, weight and minimum diameter of the tibiotarsi and parameters measured with the three-point bending test, such as peak force and deformation at peak of the tibiotarsi. The ANOVAs were calculated for each parameter separately. Age at slaughter (day 31, day 38), sex (male, female) and the interaction between both were included as fixed factors. For bone parameters, the side of the tibiotarsus (left, right) was similarly included as a fixed effect. Pairwise comparisons within the fixed factors (e.g., day 31 vs. day 38; male vs. female; left vs. right) were conducted using Tukey–Kramer tests.



Furthermore, correlation analyses were conducted for all parameters of the bone quality on each age at slaughter (sex not specified) and for each sex per age, using the CORR procedure. Pearson correlation coefficients (rP) were calculated.



The level of significance was set for p < 0.05.





3. Results


3.1. Performance Parameters


The effects of sex and age at slaughter are presented in Table 3. The average live body weight of male broilers was 344 g (+19.17%) higher compared to female broilers. Males were found to have a 240 g (+18.27%) higher carcass weight than females, and thighs were 76.3 g (+18.25%) heavier, wings 21.5 g (+15.50%) heavier and the breast 98.8 g (+19.36%) heavier compared to females. All these sex differences in the measured performance parameters were found to be significant (all p < 0.001).



The average live body weight increased significantly by 702 g (+43.27%) between day 31 and day 38. The weight gain of the carcass was 520 g (+44.37%), thighs increased by 154 g (+40.81%), wings by 50.0 g (+40.18%) and the breast by 236 g (+53.61%) within one week. Therefore, regarding the age at slaughter, a significant impact could be detected for all parameters as well (all p < 0.001).



Furthermore, the effect of the interaction of age at slaughter and sex are shown in Figure 2 and Figure 3. A breast weight of 476 g on day 31 and 742 g on day 38 of male broilers in comparison to 404 g (day 31) and 612 g (day 38) of female broilers could be observed. With an increase of 55.89% between both ages at slaughter, the breast of the male broilers showed the highest rate of growth in this study. Males had 60.3 g (+17.35%) heavier thighs at day 31 compared to females. This sex difference in thigh weight increased up to 95.2 g (+19.63%) seven days later. All differences in thigh, breast and wing weight between males and females on day 31 and day 38 were significant (p < 0.001).



The same effect (p < 0.001) was determined regarding live body weight and carcass weight. Male broilers showed an average live body weight of 1752 g on day 31, which was 267 g (+17.99%) more than the live weight found in females. On fattening day 38, the average live body weight of female broilers was 2109 g. Male broilers of the same age weighed 2527 g (+19.84%). The carcass weight of male broilers increased by 46.03% within seven days, compared to an increase by 42.99% in the carcass weight of females.




3.2. Bone Parameters


The results of the measurements regarding the bone quality are presented in Figure 4, Figure 5 and Figure 6. The highest levels in the bone parameters weight, length and minimum diameter of the bone, peak force and deformation at peak can be observed in males on fattening day 38. The average weight of a tibiotarsus on day 31 was 10.2 g and increased recognizably (p < 0.001) to 14.3 g seven days later (+40.23%). Tibiotarsus length and minimum diameter substantially increased (p < 0.001) between day 31 and day 38 as well. Length of the tibiotarsus increased by 13.10%, the minimum diameter by 15.95%, the breaking strength by 25.54% and the deformation at peak by 8.45% in seven days.



Male and female broilers vary considerably at both times of slaughter in length, weight and minimum diameter of the tibiotarsi (Figure 4) and also in breaking strength (Figure 5) and deformation at peak (Figure 6). The fresh weight of a male tibiotarsus was on average 25.54% greater, they were 3.21% longer and they had a greater minimum diameter (+14.63%) compared to females. The average peak force of female tibiotarsi was 191 N and the measured deformation at peak was 3.67 mm, compared to a peak force of 224 N and 4.30 mm deformation at peak for male tibiotarsi. Peak force increased from day 31 to day 38 by 50.0 N (+25.27%) for males and by 43.4 N (+25.74%) for females (Figure 5). The effect of sex and age at slaughter were found to be significant (all p < 0.001) on all measured bone parameters.



The side (left or right tibiotarsus) did not significantly affect any of the examined bone parameters, such as weight, length, minimum diameter, peak force and deformation at peak on any of the two assessment days (Table 4).




3.3. Correlations


The correlation analyses for each sex per age are presented in Table 5. For most combinations, the correlation was significant for both sexes and both days. The highest correlation coefficient could be found between the tibia minimum diameter and the peak force of male broilers on day 31. However, the analyzed values varied considerably between the dates or the sex within a group of the same combined parameters, e.g., tibia minimum diameter × peak force.



The strongest correlation of performance and bone parameters could be found between live weight and weight of the tibiotarsus on day 31 (rP = 0.786, p < 0.001) and on day 38 (rP = 0.766, p < 0.001). The live weight also correlates with the minimum diameter, length and breaking strength of the tibiotarsus on both dates (rP = 0.464 to 0.739, p < 0.001).



Within the bone parameters, breaking strength correlates to weight (day 31: rP = 0.579, day 38: rP = 0.484, p < 0.001), length (day 31: rP = 0.316, p < 0.001, day 38: rP = 0.233, p < 0.001) and the minimum diameter of the tibiotarsus (day 31: rP = 0.690, day 38: rP = 0.449, p < 0.001). The tibiotarsus minimum diameter correlates with the length on day 31 (rP = 0.550, p < 0.001) and on day 38 (rP = 0.402, p < 0.001) as well, and another weak correlation could be found between tibiotarsus length and deformation at peak of the tibiotarsus (day 31: rP = 0.320, day 38: rP = 0.266, p < 0.001).



Moreover, no significant correlation could be found for tibia length × minimum diameter for 38-day-old males as well as for tibia length × peak force and tibia length × deformation at peak for females in general.





4. Discussion


The results of the presented study found significant differences in both bone quality and performance, due to the sex. Furthermore, a significant effect of age and the interaction between age and sex were found. These results confirm the initial hypotheses on the basis of previous studies, expecting an effect of sex and age at slaughter on all parameters addressed in this study. This might be relevant for broiler production systems, indicating a beneficial effect of raising male and female broilers separately.



4.1. Performance Parameters


Age at slaughter was revealed to have a significant effect on the performance. In general, the live body weight increased with an average of 702 g (+43.27%) between day 31 and day 38, which underlines the enormous growth rate in the last week of the fattening period. Müller Fernandes et al. [11] concluded that the daily weight gain of broilers of the strain Ross 308 increases until fattening day 35. Afterwards, the daily growth decreases; thus, the growth rate slows down. According to this, the data collection for this study took place around the peak of the growth curve of Ross 308, stated by Müller Fernandes et al. [11]. The inflection point of the growth curve depends on the strain and the sex [11].



Males were already significantly heavier (+17.99%) on fattening day 31 compared to females. This corresponds to Trocino et al. [6], who observed significant differences in the live weight between male and female broilers on day 22 and day 46, using a standard-breast-yield genotype and a high breast-yield genotype for their investigations. In accordance with these results, Müller Fernandes et al. [11] also discovered a high impact of the sex on live weight for broilers of the strain Ross 308 and other commercial strains. A certain degree of sex dimorphism is already shown in the performance objectives of Ross 308 [2]. However, the therein-declared differences in live body weight between males and females are lower than those observed in this study. A target weight of 1955 g for male and 1747 g for female broilers is indicated on fattening day 31 (+11.91%) [2]. In comparison, the results of this study showed that males were 17.99% heavier compared to females at the same age. On day 38, Aviagen [2] states a higher live weight of males of about 14.74% and, in this study, males were 19.84% heavier than females. However, it should be noted that, due to practical reasons, in this study male broilers were always housed in the rear and the females in the front of the barn. Therefore, effects caused by the environment cannot be excluded completely. Furthermore, for the interpretation of data, it has to be kept in mind that the present study includes data of one farm only; results might therefore be influenced by the farm’s specific management. Nevertheless, the results of this study and the data of Aviagen [2] show the same trend—the sex differences in live body weight increase with age. Similar results were also found by Laseinde and Oluyemi [3]. They calculated a divergence ratio for the body weight gain per week by dividing the male by the female values to express the sexual dimorphism and observed a gradual increase in this coefficient up to the 8th week of the growth period. Our results indicate that if, for the thinning, only female broilers were selected and male broilers were withheld, the yield would increase. Due to that, the efficiency of the total fattening period could be improved. This method would enable a greater utilization of the higher male growth potential, despite both sexes being used. In addition, this increase in efficiency is not depending on a further breeding progress for a higher growth potential. Keeping in mind that some studies observed heavier and fast-growing broilers being more prone to leg problems and lameness [22,23], this method might serve to protect the animal’s welfare.




4.2. Bone Parameters


The tibiotarsi of male broilers were longer, heavier, had a greater minimum diameter and a higher breaking strength compared to the females, which was to be expected and coincides with results of previous studies [18,24,25].



Bone stability is affected by many different factors, such as nutrition, the rearing system and the management [19,20], which makes it more complex to ensure an adequate bone quality. Bond et al. [26] stated that the tibiotarsi of cage-reared broilers are shorter in comparison to floor-reared broilers. Broilers in treatments with barriers, placed between drinker line and feeder line, have an increased diameter of the tibial diaphysis [27]. In addition, Skrbic et al. [16] showed an improved tibia quality of broilers reared in lower stocking densities. The waiver of cages, a reduced stocking density and barriers—all of these measures cause an increased activity and therefore an enhanced bone quality.



In this study, both sexes were raised in the same stable, within identical conditions. That leads to the assumption that the differences in the bone parameters between males and females can be considered as physiological ones. The findings agree with those of Ziaei et al. [28], who state that bones of males have greater minimum and maximum diameter and greater peak forces on day 39 compared to females. They suggested a better mineral retention in bones of male broilers. However, Han et al. [29] could not find significant differences in calcium, phosphorus and ash content of leg bones of males and females. Rath et al. [30] showed that testosterone implants lead to an increase in bone strength of young broilers. So, the observed variations in the bone quality might to a certain extent be caused by hormonal differences. Mönch et al. [31] stated a higher risk for epiphysiolysis after mechanical loading for 37-to-42-day-old female broilers and assumed differences in skeletal development due to hormonal differences as a possible reason.




4.3. Correlations


The results from this study show a link between the body weight and the bone stability. The tibiotarsi of heavier animals had a higher peak force in the three-point bending test and a greater minimum diameter. This positive correlation is important because weak legs could lead to reduced activity and, due to this, the feed and water intake would decrease. Therefore, the selection of growth necessarily has to consider the strength of the bones. Based on the results of this study, a higher live weight does not compromise the bone strength as a key benchmark of bone quality. Previous studies observed that broilers with higher growth rates have worse gait scores [21,22]. However, the growth rate cannot be equated with the actual body weight in this discussion, which was determined in this study. Therefore, the comparability is limited. The interaction of the bone strength and lameness was not part of this study but needs to be considered for a holistic approach. Bizeray et al. [27] observed an impaired gait score but no effect on bone strength when comparing three enriched treatments and one control with regard to the leg condition. This indicates that there is little informative value in a comparison of the bone strength and the gait score.



The peak force increased from day 31 to day 38 by 25.27% for males and by 25.74% for females, whereas the relative increase in the live weight was higher for males (+44.22%) compared to females (+42.00%) within the same period. Therefore, these results indicate that the weight gain and the increase in the bone strength is not coordinated in the same way for males and females. Although, the Pearson correlation coefficient for peak force × live body weight is higher for males than for females.



In addition, it was found that there is a stronger correlation between peak force × minimum diameter of the tibiotarsus than between peak force × length of the tibiotarsus. Therefore, the bone morphology affects its strength. In order to improve the bone stability, it is especially important that the width is taken into account.





5. Conclusions


The significant sex differences found for all considered performance parameters in this study confirm the results of previous studies. The research was conducted on a commercial practicing farm, which underlines the relevance of these results for commercial broiler production on the one hand, and provides a new perspective on present findings on the other hand.



Sex differences could also be affirmed for the bone quality. Differences in the breaking strength of males and females seem to be of a physiological nature. Regarding this fact, further investigations are necessary to understand this apparent disparity.



Furthermore, strong correlation of both the live weight and the bone morphology with the bone quality could be found for both sexes. At the same time, the weight gain and the increase in the bone strength do not appear to be coordinated equally for males and females. It is necessary to get to know these interrelationships between weight gain and the increase in the bone strength better, to provide insight into the welfare of fast-growing broilers.



Altogether, the results of the present study might serve as a starting point to discuss the benefits of rearing broilers separately according to sex and, in consequence, feed them differently according to their growth characteristics. With this method, the productivity might increase without the need to breed in favor of a higher performance, which could have an impact on animal welfare as well.



However, to be able to make specific recommendations, further research in order to confirm the replicability of results on other farms is needed. Furthermore, the effect of an appropriate feeding system for each sex should be added to the study design in this context.
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Figure 1. Prepared tibiotarsus for measuring of minimum diameter and length, with marked centre-point for three-point bending test. 






Figure 1. Prepared tibiotarsus for measuring of minimum diameter and length, with marked centre-point for three-point bending test.
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Figure 2. Effect of the interaction between sex (females presented in gray, males presented with patterns) and age at slaughter (day 31, day 38) on live body weight and carcass weight. Results are presented as boxplots (data range, median, lower quartile, and upper quartile; outliers are included in the graph as dots); significant differences between sex and age are marked by asterisks: *** p < 0.001 (Tukey–Kramer tests). 
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[image: Agriculture 12 01109 g002]







[image: Agriculture 12 01109 g003 550] 





Figure 3. Effect of the interaction between sex (females presented in gray, males presented with patterns) and age at slaughter (day 31, day 38) on thigh, breast and wing weight. Results are presented as boxplots (data range, median, lower quartile, and upper quartile; outliers are included in the graph as dots); significant differences between sex and age are marked by asterisks: *** p < 0.001 (Tukey–Kramer tests). 
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Figure 4. Effect of the interaction between sex (females presented in gray, males presented with patterns) and age at slaughter (day 31, day 38) on tibiotarsus weight, length and minimum diameter. Results are presented as boxplots (data range, median, lower quartile, and upper quartile; outliers are included in the graph as dots); significant differences between sex and age are marked by asterisks: *** p < 0.001 (Tukey–Kramer tests). 
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Figure 5. Effect of the interaction between sex (females presented in gray, males presented with patterns) and age at slaughter (day 31, day 38) on measured peak force of the tibiotarsus (N = 445). Results are presented as boxplots (data range, median, lower quartile, and upper quartile; outliers are included in the graph as dots); significant differences between sex and age are marked by asterisks: *** p < 0.001 (Tukey–Kramer tests). 
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Figure 6. Effect of the interaction between sex (females presented in gray, males presented with patterns) and age at slaughter (day 31, day 38) on measured deformation at peak of the tibiotarsus (N = 445). Results are presented as boxplots (data range, median, lower quartile, and upper quartile; outliers are included in the graph as dots); significant differences between sex and age are marked by asterisks: *** p < 0.001 (Tukey–Kramer tests). 
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Table 1. Overview of the experimental design and the data collection.
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Growth Period

	
Housing

	
Breeder Age [Production Week]

	
Data Collection




	
Day 31

	
Day 38






	
1

	
males and females separately

	
27

	
performance and bone parameters

	
performance and bone parameters




	
2

	
males and females separately

	
25

	
performance and bone parameters

	
performance and bone parameters




	
3

	
males and females separately

	
32

	
performance and bone parameters

	
performance and bone parameters




	
4

	
males and females together

	
32

	
performance and bone parameters

	
performance and bone parameters
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Table 2. Calculated compositions of the diets.






Table 2. Calculated compositions of the diets.











	
	Starter
	Grower
	Finisher





	ME [kcal/kg]
	2914
	2962
	3105



	Crude protein [%]
	21.5
	20.5
	18.5



	Crude fat [%]
	4.10
	4.50
	5.60



	Crude fibre [%]
	3.45
	3.30
	3.10



	Crude ash [%]
	5.45
	5.00
	3.85



	Calcium [%]
	0.87
	0.80
	0.52



	Phosphorus [%]
	0.59
	0.54
	0.40



	Sodium [%]
	0.16
	0.16
	0.13



	Lysine [%]
	1.34
	1.23
	1.08



	Methionine [%]
	0.54
	0.52
	0.46
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Table 3. Performance parameters of male and female broilers (average value of day 31 and day 38) and on day 31 and day 38 (average value of males and females) within four replicates.
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Male

	
Female

	
Day 31

	
Day 38

	
Effect of




	

	
Average

	
SD

	
Average

	
SD

	
Average

	
SD

	
Average

	
SD

	
Sex

	
Age






	
Live body weight [g]

(total N = 473)

	
2140

	
453

	
1796

	
357

	
1620

	
223

	
2322

	
313

	
p < 0.001

	
p < 0.001




	
Carcass weight [g]

(total N = 457)

	
1554

	
346

	
1314

	
270

	
1171

	
175

	
1691

	
236

	
p < 0.001

	
p < 0.001




	
Breast weight [g]

(total N = 457)

	
609

	
164

	
510

	
128

	
441

	
81.6

	
677

	
116

	
p < 0.001

	
p < 0.001




	
Thigh weight [g]

(total N = 457)

	
494

	
104

	
418

	
79.3

	
378

	
54.5

	
533

	
71.6

	
p < 0.001

	
p < 0.001




	
Wing weight [g]

(total N = 457)

	
160

	
31.7

	
139

	
25.6

	
124

	
15.8

	
174

	
19.9

	
p < 0.001

	
p < 0.001
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Table 4. Left and right tibiotarsus weight, length, minimum diameter, peak force and deformation at peak on day 31 and day 38 for male and female broilers.






Table 4. Left and right tibiotarsus weight, length, minimum diameter, peak force and deformation at peak on day 31 and day 38 for male and female broilers.





	

	
Tibiotarsus Weight [g] (N = 454)

	
Tibiotarsus Length [cm] (N = 454)

	
Tibiotarsus Minimum Diameter [mm] (N = 454)

	
Peak Force

[N] (N = 445)

	
Deformation at Peak [mm] (N = 445)




	

	
Day 31

	
Day 38

	
Day 31

	
Day 38

	
Day 31

	
Day 38

	
Day 31

	
Day 38

	
Day 31

	
Day 38






	
Male

	
11.3

	
16.1

	
8.64

	
9.77

	
7.85

	
9.28

	
198

	
248

	
4.08

	
4.52




	
left

	
11.1

	
16.1

	
8.62

	
9.74

	
7.79

	
9.35

	
197

	
257

	
3.95

	
4.57




	
right

	
11.4

	
16.1

	
8.66

	
9.79

	
7.90

	
9.20

	
199

	
237

	
4.20

	
4.45




	
Female

	
9.13

	
12.6

	
8.35

	
9.46

	
6.99

	
7.94

	
168

	
212

	
3.56

	
3.77




	
left

	
9.16

	
12.3

	
8.36

	
9.48

	
7.03

	
7. 89

	
177

	
204

	
3.54

	
3.67




	
right

	
9.09

	
12.9

	
8.35

	
9.45

	
6.95

	
7.98

	
159

	
218

	
3.59

	
3.86




	
Effect of sex

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
age

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
side

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001
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Table 5. Pearson correlation coefficients (rP) for the parameters live body weight, tibiotarsus weight, length, minimum diameter, peak force, deformation at peak and each sex per age of slaughtering (day 31, day 38), NS = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.






Table 5. Pearson correlation coefficients (rP) for the parameters live body weight, tibiotarsus weight, length, minimum diameter, peak force, deformation at peak and each sex per age of slaughtering (day 31, day 38), NS = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.





	
Parameter

	
Age at Slaughter

	
N

	
Sex

	
rP

	
p

	






	
peak force

	
live body weight

	
31

	
104

	
male

	
0.480

	
<0.001

	
***




	
peak force

	
live body weight

	
31

	
109

	
female

	
0.425

	
<0.001

	
***




	
peak force

	
live body weight

	
38

	
113

	
male

	
0.390

	
<0.001

	
***




	
peak force

	
live body weight

	
38

	
113

	
female

	
0.307

	
<0.001

	
***




	
peak force

	
tibia min. diameter

	
31

	
107

	
male

	
0.676

	
<0.001

	
***




	
peak force

	
tibia min. diameter

	
31

	
109

	
female

	
0.550

	
<0.001

	
***




	
peak force

	
tibia min. diameter

	
38

	
114

	
male

	
0.396

	
<0.001

	
***




	
peak force

	
tibia min. diameter

	
38

	
115

	
female

	
0.238

	
0.010

	
*




	
peak force

	
tibia length

	
31

	
107

	
male

	
0.274

	
0.004

	
**




	
peak force

	
tibia length

	
31

	
109

	
female

	
0.122

	
0.206

	
NS




	
peak force

	
tibia length

	
38

	
114

	
male

	
0.205

	
0.028

	
*




	
peak force

	
tibia length

	
38

	
115

	
female

	
−0.005

	
0.958

	
NS




	
peak force

	
tibia weight

	
31

	
107

	
male

	
0.540

	
<0.001

	
***




	
peak force

	
tibia weight

	
31

	
109

	
female

	
0.377

	
<0.001

	
***




	
peak force

	
tibia weight

	
38

	
114

	
male

	
0.460

	
<0.001

	
***




	
peak force

	
tibia weight

	
38

	
115

	
female

	
0.288

	
0.002

	
**




	
tibia min. diameter

	
live body weight

	
31

	
110

	
male

	
0.529

	
<0.001

	
***




	
tibia min. diameter

	
live body weight

	
31

	
110

	
female

	
0.513

	
<0.001

	
***




	
tibia min. diameter

	
live body weight

	
38

	
114

	
male

	
0.548

	
<0.001

	
***




	
tibia min. diameter

	
live body weight

	
38

	
114

	
female

	
0.428

	
<0.001

	
***




	
tibia min. diameter

	
tibia length

	
31

	
113

	
male

	
0.497

	
<0.001

	
***




	
tibia min. diameter

	
tibia length

	
31

	
110

	
female

	
0.328

	
<0.001

	
***




	
tibia min. diameter

	
tibia length

	
38

	
115

	
male

	
0.132

	
0.160

	
NS




	
tibia min. diameter

	
tibia length

	
38

	
116

	
female

	
0.189

	
0.042

	
*




	
tibia length

	
live body weight

	
31

	
110

	
male

	
0.578

	
<0.001

	
***




	
tibia length

	
live body weight

	
31

	
110

	
female

	
0.579

	
<0.001

	
***




	
tibia length

	
live body weight

	
38

	
114

	
male

	
0.392

	
<0.001

	
***




	
tibia length

	
live body weight

	
38

	
114

	
female

	
0.421

	
<0.001

	
***




	
tibia length

	
deformation at peak

	
31

	
107

	
male

	
0.324

	
<0.001

	
***




	
tibia length

	
deformation at peak

	
31

	
109

	
female

	
0.122

	
0.206

	
NS




	
tibia length

	
deformation at peak

	
38

	
114

	
male

	
0.239

	
0.011

	
*




	
tibia length

	
deformation at peak

	
38

	
115

	
female

	
−0.038

	
0.688

	
NS




	
live body weight

	
tibia weight

	
31

	
110

	
male

	
0.670

	
<0.001

	
***




	
live body weight

	
tibia weight

	
31

	
110

	
female

	
0.666

	
<0.001

	
***




	
live body weight

	
tibia weight

	
38

	
114

	
male

	
0.673

	
<0.001

	
***




	
live body weight

	
tibia weight

	
38

	
114

	
female

	
0.340

	
<0.001

	
***
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