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1 GENERAL INTRODUCTION 

For 2018, the Food and Agriculture Organization of the United Nations (2020) reported more than 

25.6 billion living poultry birds in the world. Since 1961, when 4.4 billion poultry birds were 

counted, this number increased continuously, and it is expected to further rise in the next years. 

Poultry play an important role in human nutrition in all parts of the world by providing meat and 

eggs, in developing countries as well as in industrialised nations.  

Poultry need to be fed adequately to ensure animal wellbeing, safe and nutrient-rich food products 

and to protect the environment. Providing animals with phosphorus (P) is an important part of 

poultry nutrition. It is an essential element for all organisms since it is needed for numerous 

physiological processes like energy metabolism, nucleic acid synthesis, and bone mineralisation. 

The main components of poultry diets are plant seeds, where P is mainly stored in the form of myo-

inositol 1,2,3,4,5,6-hexakis(dihydrogenphosphate) (InsP6) and its salts (phytate) (Eeckhout and De 

Paepe, 1994; Rodehutscord et al., 2016). This form is only partially available to poultry. Therefore, 

P is often supplemented to poultry diets as mineral P mined from rock phosphate and processed. 

However, global rock phosphate reserves are limited. Li et al. (2018) predicted depletion of these 

reserves within 70-140 years when no appropriate management procedures are implemented. With 

a suitable P management, this time frame can be extended by 50 years or more according to their 

demand-based calculations. A suitable P management is also important to reduce environmental 

impact. A high P excretion due to a low digestibility results in an accumulation of P in the soil, 

which is a cause for eutrophication when stocking density is high (Schindler, 1977; Carpenter et al., 

1998). 

Phytate degrading enzymes (phytases) are widely used as feed additives in poultry diets. Phytases 

do naturally occur in plants and animals. In broilers, various studies have shown a remarkable 

precaecal degradation of InsP6 (56-89 %) when low P diets without phytase supplementation were 

fed (Leytem et al., 2008; Zeller et al., 2015a; Zeller et al., 2015b; Sommerfeld et al., 2018). This 

could be related to some of the microorganism species frequently occurring in the gastrointestinal 

tract of broilers. They were identified to have phytase-like activity, most of them belonging to the 

genus Lactobacillus (Sümengen et al., 2012; Lee et al., 2013; Sumengen et al., 2013; Amritha et al., 

2017). A study with gnotobiotic birds, however, has also shown a remarkable InsP6 degradation of 

42 % until the end of the ileum without phytase supplementation (Sommerfeld et al., 2019). This 

points towards the existence of endogenous mucosal phytase activity. Commercially available 

exogenous phytase products are fungi- or bacteria-derived. They have a specific spectrum of 

activity since they differ in their optimum pH, thermal stability and they start dephosphorylating 
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the phosphate either at position 3 or 6 of the myo-inositol hexaphosphate ring (Konietzny and 

Greiner, 2002).  

To increase P utilisation of the animal and to protect the environment, it is necessary to know all 

physiological processes which involve P and to have suitable approaches for the determination of 

available P in the animal. This is necessary since plant-based feedstuffs contain different amounts 

of phytate-P and intrinsic phytase. Other constituents of the feed and feed additives also have an 

impact on physiological processes in the animal, probably influencing InsP6 degradation. Hence, it 

is difficult to predict the availability of P for different P sources. A protocol established by the 

World´s Poultry Science Association (WPSA, 2013) provides a standard procedure for the 

determination of available P in broilers. It involves regression analysis with precaecally digestible P 

(pcdP) as the response trait. Consequently, the collection of digesta from the ileum and their 

analysis are necessary. For comparative purposes, the use of bone data or other biological data such 

as body weight gain or blood inorganic phosphate concentration have been used to represent the 

relative bioavailability of P (Shastak and Rodehutscord, 2013). 

Biological response traits are influenced by the amount of available P provided. Bones are the 

preferred tissue because 80 % of the P retained in the animal is stored therein (De Groote and 

Huyghebaert, 1997). Tibiotarsus (tibia) and femur bones of 40-day-old Ross 308 broilers consist 

of approximately 50 % ash, 40 % organic matter, which is mostly in the form of collagen, and 10 % 

water (McLean, 1958; Suchý et al., 2009). Suchý et al. (2009) analysed 20 % of bone dry matter 

(DM) to be calcium (Ca) and 9 % P. The major bone minerals are P and Ca and they are mainly 

stored in the form of hydroxyapatite (McLean, 1958). Accordingly, bones may be an appropriate 

indicator for the relative bioavailability of P. However, they are also influenced by other factors. 

Rath et al. (2000) reported the bone to be a dynamic tissue which is not only influenced by 

nutritional, but also by physiological factors. In humans, about 80 % of bone mineral density is 

genetically determined (Nguyen et al., 1998). This should be considered when using bone data for 

P evaluation. 

At least since the 1940s, bone ash data have been used as an indicator of relative bioavailability of 

P (Bird and Caskey, 1943). However, a standard assay has never been agreed on. While most of the 

studies examined the tibia, others used the femur, one or more toes or the foot. Additionally, bones 

are used with or without ether extraction or other pre-treatments. When ash data are used, some 

authors analysed the P concentration in ash while others used the total amount of ash. Other 

options for using bone traits are the determination of bone breaking strength or densitometry 

(Shastak and Rodehutscord, 2013). It is not clear to what extent the assay details and chosen bone 

may affect the outcome of P bioavailability studies.  
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2 OVERVIEW AND OBJECTIVES OF THE INCLUDED STUDIES 

The overall aim of this thesis was to investigate the suitability of bone ash data for the evaluation 

of available P in poultry with emphasis on broiler chickens. Therefore, different studies with broiler 

chickens and Japanese quail as model organisms for broilers were conducted. The studies formed 

the basis of four manuscripts which are presented in Chapter 4 and briefly characterised in the 

following. The studies had in common that bone ash data were used for the examination of the 

relative bioavailability of P. However, other aspects related to P availability in poultry were also 

studied. These data, together with additional unpublished data that accrued during the studies, were 

focused in this thesis with additional analyses. Especially methodological aspects were examined.  

Phytase products and mineral P are commonly used feed supplements to provide poultry with 

available P in the adequate amount. Each product has a specific efficiency, and they can only be 

compared under standardised study conditions. The influence of two different phytase products 

and dicalcium phosphate (DCP) as a mineral P source on available P and the ileal microbiota of 

broiler chickens was investigated in the first study (MANUSCRIPT 1). Each of the three supplements 

was fed in graded inclusion levels in addition to a low P basal diet without any phytase or the 

mineral P supplement. This design allowed to compare the supplements with a regression 

approach, as suggested by the WPSA (2013). Several response traits for P evaluation were used and 

compared. Besides the commonly used standard trait for quantitative purposes (pcdP) also other 

traits such as average daily gain or tibia and foot ash, as both absolute amount and concentration 

were examined. 

When InsP6 is completely dephosphorylated, each of the six phosphate groups and the myo-inositol 

(MI) ring are potentially available for the bird. Recent studies have shown that the supplementation 

of phytase to the feed increased the MI concentration in digesta or excreta of broiler chickens, thus 

complete dephosphorylation seems possible (Beeson et al., 2017; Sommerfeld et al., 2018). While 

most of the effects of the phosphate groups on the animal are identified, MI still needs more 

detailed investigations. The study described in MANUSCRIPT 2 aimed to consider the effects of 

free MI in the diet on performance, nutrient digestibility, InsP6 breakdown and MI concentrations 

in the digestive tract and blood plasma of broiler chickens. Bone mineralisation was analysed with 

the amount of tibia ash to detect the bioavailability of P. MI supplementation was compared with 

a control diet adequate in all nutrients and three treatments with different supplementation levels 

of a phytase product.  

Broiler chickens have a high potential to degrade InsP6 when low P diets are fed without 

supplementation of phytase (Zeller et al., 2015a; Zeller et al., 2015b; Sommerfeld et al., 2018). This 
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3 GENERAL DISCUSSION 

3.1 Comparison of tibia and foot ash  

Bones are used for the evaluation of relative P bioavailability because a high amount of P in the 

body is stored there. The development of bones in chicken varies between different body parts 

(Church and Johnson, 1964; Lilburn, 1994). Therefore, it seems unlikely that P is evenly distributed 

among different bones. This leads to the conclusion that some bones may be more suitable for P 

evaluation measurements than others. Additionally, some bones are easier to obtain than others 

because of their localisation in the body. For example, toe bones are easy to obtain and because of 

their small size, they are fast to analyse since they need less time to be incinerated than bigger 

bones. However, while some authors recommend using toe ash, others reported a high variation 

between animals of one treatment for toe ash because small variations in sampling technique have 

a high impact on the low ash weight (Scholey and Burton, 2017). The animal age is also of 

importance for the decision which bone is preferred. Scholey and Burton (2017) compared toe, 

foot, tibia and femur ash of broiler chickens as response traits of bone mineralisation at weeks 2-6 

of age. Toe bones showed only in week 2 a difference between an adequate and a low P diet, femurs 

in weeks 4-6, tibiae in week 2-6 and feet in week 2-5. Most of the P evaluation studies using broiler 

chickens end after 20-30 d. Based on the results of Scholey and Burton (2017), tibiae and feet are 

the most suitable bones for this animal age. Indeed, the tibia is the most often used bone for this 

kind of analysis and there is some evidence in the literature that foot ash could be used equivalently 

(Mendez and Dale, 1998; Yan et al., 2005; Malloy et al., 2017). Therefore, tibia or foot ash or both 

were used for the studies resulting in Manuscripts 1-4 and these bones will be focused on in the 

following.  

Many authors used lipid extracted bones for P evaluation studies like suggested as a standard 

method for vitamin D determination in bones (Association of Official Analytical Chemists, 1990). 

This was not done for the studies included here since there is strong evidence that lipid extraction 

does not provide beneficial effects regarding the sensitivity of the ash assay (Yan et al., 2005; Garcia 

and Dale, 2006). The used tibiae of the included studies were defrosted, adhering tissues removed, 

rinsed with distilled water, the bone dried to mass constancy for DM determination at 103 °C and 

then incinerated at 600 °C. Feet were cut at the articulatio intertarsalis, then also rinsed with distilled 

water, dried for DM determination, and incinerated at 600 °C. Therefore, the foot sample consists 

of multiple bones and tissues and has a higher mass than the tibia. It needs more time for drying 

and incinerating the feet compared to the tibiae, but it is much less laborious to detach them. The 

tibia has the advantage over the foot in being better standardised since one bone is a clearly defined 
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material. However, the fibula and the cartilage tissue, especially at the tibiofemoral joint, are 

sometimes difficult to remove. The tibia can be damaged in this process, leading to missing bone 

fragments. This is not a problem for foot samples. The tarsometatarsus can be detached from the 

tibia very well. In the case of the feet, the remaining soft tissues can possibly lead to sampling 

inaccuracy because it is hardly possible to standardise the segregation of skin. Consequently, the 

risk of inaccuracy when sampling feet is related to DM weight but not to bone mineralisation since 

the bones are still protected by the surrounding tissue. 

3.1.1 Relationship between tibia and foot ash 

The relationship between tibia and foot ash reported in the literature and determined during the 

own studies are shown in Table 1. Most studies showed a very high relationship between the two 

bone fractions with a coefficient of determination (R²) between 0.63 and 0.96, indicating that they 

can be used almost equivalently. The highest relationship (R² = 0.96) was observed by Shastak et 

al. (2012a), the only study where bones without adhering tissues were analysed for foot ash. This 

may mean that the ash amount of the adhering tissues has a negative effect on the relationship 

between tibia and foot ash. Only in two studies a determination coefficient below 0.5 was detected. 

In the study of Scholey and Burton (2017; R² = 0.46), this could be related to a relatively small 

animal number which was distributed to different sampling times. The other study with a lower 

relationship (R² = 0.47) is described in Manuscript 3 and used ash concentration values of 15-day-

old Japanese quail. The absolute amount of ash values of the same study provided a much higher 

relationship with R² = 0.82. The difference between the amount and concentration values of ash 

will be discussed in Chapter 3.3. In general, the relationship values between the two bone fractions 

in the study described in Manuscript 3 are lower than in most of the other studies. One explanation 

for the lower relationship is the animal age of only 15 d. Until the age of 21 d, bone legs of broilers 

grow faster compared with an age of 22-42 d (Han et al., 2015). The bone development including 

the ash amount differs between the tibia and the tarsometatarsus (Church and Johnson, 1964; Han 

et al., 2015), the major foot bone. The ash amount in soft tissues also changes during growth. Grey 

et al. (1983) observed a decreasing ash and P concentration in skin and different muscles with 

increasing age. Hence, the relationship between tibia and foot ash is supposed to be not constant, 

especially during the period of fast growth. Another possible explanation is the poultry species. 

Rodehutscord and Dieckmann (2005) compared different poultry species concerning their 

response in PU to a mineral supplement. They concluded that quail could be used as model 

organisms for broilers in P availability studies. However, there are no studies comparing the bone 

development of broilers and quail and the response of their bones to supplemental P. A 

comparison between quail and broilers in a combined trial using different P levels in the diet, 
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analysing bone ash and pcdP would be necessary to make sure there are no species-specific effects 

on bone ash data for the purpose of P evaluation.  

Table 1: Relationship between tibia and foot ash observed in the literature and the own work with 

the coefficient of determination (R²) 

Reference Used part 
of the foot1 Animal Animal 

age (d) Unit 2 n R² 

Mendez and Dale (1998) n.d. broiler 18 % 30 0.85 

Yan et al. (2005) whole foot broiler 21 % 450 0.92 

Shastak et al. (2012a) bones broiler 21 g 224 0.96 

Shastak et al. (2012a) bones broiler 35 g 224 0.94 

Malloy et al. (2017) whole foot broiler 21 % 240 >0.90 

Malloy et al. (2017) whole foot broiler 43 % 384 >0.90 

Scholey and Burton (2017) whole foot broiler 14-42 % 144 0.46 

Manuscript 1 whole foot broiler 21/22 mg 264 0.87 

Manuscript 1 whole foot broiler 21/22 % 264 0.63 

Manuscript 3 whole foot quail 15 mg 887 0.82 

Manuscript 3 whole foot quail 15 % 887 0.47 
1 n.d. = not described; whole foot = the foot was detached at the articulatio intertarsalis and used 

including skin, soft tissues and claws 
2 g or mg = absolute amount of ash weight; % = ash concentration related to the dry matter weight 

of the respective bone fraction 

3.1.2 Phosphorus concentration in tibia and foot ash 

The generally very high relationship between tibia and foot ash gives no prediction about which 

trait is more suitable for the purpose of P evaluation. For this information, the relationship between 

bone ash and P must be looked at more closely. Usually, only the ash weight is determined for P 

evaluation studies. During the study described in Manuscript 4, additional analyses were conducted 

to compare the P and Ca concentration in tibia and foot ash. Animals for this comparison were 

fed a low P and Ca diet without coccidiostat supplementation, either with or without phytase 

supplementation. The birds were allocated to six pens with ten birds each per treatment and sorted 

by their body weight (BW) after slaughter. They were distributed to three BW categories: light (3 

birds), middle (4 birds) and heavy (3 birds). One bird per pen and BW category was randomly 

chosen for further ash analyses. The right tibia and foot were dried and incinerated as described 

above. Then P and Ca in the ash were analysed using the method described by Shastak et al. 

(2012b). Thereby the entire ash of each foot or tibia was used. Statistical analysis was done with a 
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two-way analysis of variance (ANOVA) using the PROC MIXED  procedure of SAS 9.4 for 

Windows (SAS Institute Inc., Cary, NC). Treatment, bone fraction and the interaction between 

treatment and bone fraction were taken as fixed effects, the pen and animal as random effects.  

Table 2: P and Ca concentration in tibia and foot ash and the ash weight of both bone fractions 

analysed in male 24/25-day-old broiler chickens1 

 Phy-  Phy+  pooled  p -values3 
 Tibia  Foot  Tibia  Foot  SEM  2  Trt  BF Trt × BF 

P   g/kg ash 167 158   177 169  0.72  <0.001 <0.001 0.085 

Ca g/kg ash 336b 300d   345a 317c  1.71  <0.001 <0.001 0.024 

Ca:P 2.01a 1.91c  1.95b 1.88d  0.009  <0.001 <0.001 0.038 

Ash mg 483 568  968 1057  31.3  <0.001 <0.001 0.831 
1 All birds were part of the study described in Manuscript 4 and received a P/Ca reduced diet 

without coccidiostat, either without (Phy-, n = 18) or with phytase supplementation (Phy+, n = 18)  
2 SEM = standard error of the mean 
3 Trt = Treatment (Phy- or Phy+), BF = Bone fraction (tibia or foot) 
a–d �0�H�D�Q�V���Z�L�W�K�L�Q���D���O�L�Q�H���Q�R�W���V�K�R�Z�L�Q�J���D���F�R�P�P�R�Q���V�X�S�H�U�V�F�U�L�S�W���D�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W�����¡��� ������������ 

Results of this observation indicated a significantly higher P and Ca concentration in tibia ash 

compared to foot ash, both with and without phytase supplementation (Table 2). Phytase 

supplementation increased the concentration of P and Ca in both bone fractions significantly. The 

proportion of the two minerals also varied significantly between bone fractions and treatments, 

with the tibia and the phytase supplemented treatments resulting in the higher Ca:P ratio. This is 

basically in agreement with Han et al. (2015). They reported a higher P and Ca concentration in the 

tibia compared with the tarsometatarsus until the age of 35 d in broiler chickens. At the age of 

42 d, they reported the tarsometatarsus to contain more P than the tibia. The whole foot was not 

analysed by these authors or any other study investigating the P concentration in ash. These results 

may lead to the conclusion that the tibia is the more suitable bone fraction for P evaluation studies 

until the age of 35 d since it contains more P than the foot. However, differences between the P 

concentration in tibia and foot are significant, though numerically very low. A higher ash weight of 

one bone fraction could have a higher impact than the P concentration. In the comparison done 

with broilers from Manuscript 4, the higher ash weight was detected for the foot ash compared to 

tibia ash, both with and without phytase supplementation (Table 2). When calculating the P 

concentration of each bone fraction, the foot contained 90 mg P/foot without and 179 mg P/foot 

with phytase supplementation. For the tibia, 81 mg P/bone without and 171 mg P/bone with 

phytase supplementation were determined. Consequently, the foot contains a higher amount of P. 

However, not the highest amount of P is necessary to detect the bioavailability of P, but the one 
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which represents best the P situation in the whole body. Shastak et al. (2012b) compared the tibia 

P content with the whole-body P. They assessed the tibia P to represent whole-body P adequately, 

but foot ash was not used in this study. The previously described results indicate that the difference 

between tibia and foot P is not very big. It seems possible that the slightly higher P concentration 

in feet even better represents the whole-body P. An experiment using both tibia and foot ash would 

be necessary to examine this in more depth. 

3.1.3 Relationship between bone ash and quantitative traits of phosphorus 

evaluation 

Another possibility to compare tibia and foot ash is to investigate their relationship with 

quantitative P evaluation traits. Therefore, Pearson correlation coefficients (R) were calculated for 

each of the own studies to compare tibia and foot ash as amount or concentration values with the 

content of pcdP, precaecal P digestibility and retained P (rP; Table 3). Highest correlation 

coefficients for almost all studies and traits were detected for the relationship of ash traits with rP. 

In contrast to pcdP and precaecal P digestibility, not only the P digestibility but also the feed intake 

and hence the actual P intake is considered for rP. Ash data reflect the combined effect of P intake 

and P digestibility during the whole experiment. Therefore, rP is more suitable than pcdP or 

precaecal P digestibility to be compared with ash data. Precaecal P digestibility showed no 

significant correlation coefficients with ash data of study 1 and 2. For study 4, the correlations were 

much smaller than for pcdP and rP. Precaecal P digestibility only refers to the P concentration in 

the feed, not the P intake, and consequently, it only reflects the situation in the animal at the time 

of slaughter. The trait pcdP is more standardised since it is related to 1 kg DM of the feed. 

For Manuscript 2, almost all calculated correlation coefficients were not significant. In this study, 

the experimental diets of all treatments contained adequate P levels. Hence, differences in ash 

weight were very low since bone growth and mineralisation was at its maximum. Significant 

differences between treatments were detected for precaecal P digestibility in this study, but not for 

pcdP or ash weight. That means that more P was absorbed, but not stored in bones, probably 

leading to a higher P excretion with urine which was not analysed here (Hurwitz et al., 1978; 

Rodehutscord et al., 2012). An excessive P intake can even have negative effects on bone 

development (Vorland et al., 2017). By a high dietary P supply, especially in combination with low 

dietary Ca, the bone matrix protein osteopontin and the parathyroid hormone are increased. Both 

were identified to increase bone resorption. This may explain the numerically marginal decreased 

tibia ash weight with increasing phytase supplementation in the study described in Manuscript 2. 

Both tibia and foot ash were only analysed in Manuscripts 1 and 3. In Manuscript 3, Japanese quail 

were used instead of broiler chickens. At the end of the experiment, these quails were only 15 d 
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old, which is relatively young for foot ash analyses. In contrast to Manuscript 1 and the animals 

from Manuscript 4 described above, tibia ash weight (45.8 mg) was higher than foot ash weight 

(44.8 mg; p < 0.001) in this study. Nonetheless, tibia and foot provided very similar correlation 

coefficients with the different quantitative P measurements. The absolute amount of foot ash 

provided higher correlation coefficients than the tibia for pcdP and precaecal P digestibility. For 

the ash concentration data, the tibia showed higher values. Correlation coefficients measured in 

quail were generally lower than in the broiler experiments, which could be related to the study 

design that did not involve variation in P supply of birds. Digestibility values in this trial were 

determined by quantitative determination of P intake and P in excreta. Quail were not colostomised 

and digesta was not analysed. Since the P supply was below the requirement, P concentration in 

the urine can be assumed to be very low (Rodehutscord et al., 2012). Therefore, P digestibility can 

be calculated from P intake and P excretion in faeces, but not precaecal P digestibility. The genetic 

correlations between P digestibility or P retention and ash data calculated in Manuscript 3 were 

also minimally higher for foot than for tibia ash, indicating that foot ash is also a good trait for 

genetic analyses. Correlation coefficients obtained for data used in Manuscript 1 are higher, but 

with a similar predication. Tibia ash shows marginally lower correlation coefficients with 

quantitative P measurement traits than foot ash. The precaecal P digestibility values were most 

likely not significant for this study because there were four treatments with graded DCP 

supplementation. The precaecal P digestibility decreased with increasing DCP supplementation, 

while bone ash weight increased. With graded phytase supplementation, both traits increased. In 

the study resulting in Manuscript 4, the tibia was only taken from some birds to compare tibia and 

foot regarding the mineral concentrations in ash. The previous studies already showed the 

suitability of foot ash as an alternative for tibia ash to detect the relative bioavailability of P. The 

very high correlation coefficients obtained for foot ash with pcdP and rP confirmed this. 

To conclude, in the current state of knowledge it is not possible to decide whether tibia or foot ash 

better reflects relative bioavailability of P. Both bone fractions provided very similar results in 

almost all studies but have distinct characteristics during processing. No preference for one of the 

bone fractions could be deduced. It can be recommended to use tibia or foot ash, depending on 

the specific situation.  
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Table 3: Pearson correlation coefficients between precaecally digestible P, precaecal P digestibility 

or retained P and the absolute amount (mg) or concentration (% of DM) of tibia or foot ash weight 

observed for data used in Manuscripts 1-4 

 Precaecally digestible 
P (g/kg DM)  

Precaecal P 
digestibility (%) 

Retained P 
(g/animal/d ) 

Manuscript 1 Tibia mg 0.64 n.s. 0.92 

Manuscript 1 Tibia % 0.69 n.s. 0.90 

Manuscript 1 Foot mg 0.68 n.s. 0.94 

Manuscript 1 Foot % 0.70 n.s. 0.83 

Manuscript 2 Tibia mg n.s. n.s. 0.38 

Manuscript 2 Tibia % n.s. n.s. n.s. 

Manuscript 3 Tibia mg1 0.52 0.53 0.76 

Manuscript 3 Tibia %1 0.35 0.36 0.37 

Manuscript 3 Foot mg1 0.54 0.54 0.75 

Manuscript 3 Foot %1 0.27 0.28 0.29 

Manuscript 4 Foot mg 0.91 0.49 0.94 

Manuscript 4 Foot % 0.92 0.43 0.91 
n.s. = not significant (p > 0.05) 
1 In Manuscript 3 the values were calculated from P intake and excretion, digesta was not analysed; 

therefore, total tract P digestibility and digestible P are reported for this study 

Manuscript 1: 792 unsexed broiler chickens allocated to 11 treatments in 66 pens (n = 66); animals 

were fed either a P/Ca reduced basal diet, or the same diet supplemented with graded 

supplementation levels of a mineral P source or one of two phytase products 

Manuscript 2: 440 unsexed broiler chickens allocated to 5 treatments in 40 pens (n = 40); animals 

were fed a control diet adequate in all nutrients, three diets with graded supplementation levels of 

phytase or one diet supplemented with myo-inositol 

Manuscript 3: Each of the 887 unsexed Japanese quail received the same low P diet (n = 887) 

Manuscript 4: 630 male broiler chickens allocated to nine treatments in 63 pens (n = 63); animals 

were fed a low P diet with or without mineral P, phytase, and coccidiostat supplementation 

3.2 Comparison of body sides  

When bones are chosen for P evaluation, not only the bone itself could be of importance, but also 

its location in the body. The most frequently used bones for the purpose of P evaluation are located 

in the leg. Because they exist in duplicate, one side must be chosen if only one bone per animal is 

to be analysed. Some methodological investigations were done using both sides to analyse different 

methods on the same animal. For example, Garcia and Dale (2006) used the tibia and foot from 

both legs to compare the effect of fat extraction. While the left tibiae and feet were fat extracted, 
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the right ones did not receive this treatment. For such investigations, both sides must provide 

identical results when treated uniformly. Even if only one side of each animal is used, it is important 

to know if there is a difference between the two sides. Fleming et al. (1999) described significant 

differences in humeral breaking strength between left and right limbs of laying hens of different 

strain and age. A substantial variation between mechanical bone traits such as bone breaking 

strength or torsional stiffness for both sides of long bones of rabbits was also reported by White 

et al. (1974). Nevertheless, no significant differences between the left and right bones were detected 

in this study. They concluded that a biologically normal variation exists, which is smaller between 

the left and the right side of one animal than between two animals. Accordingly, fewer animals are 

necessary when using both limbs to compare two methodological aspects to achieve a given level 

of statistical significance. Differences in bone mineralisation between the left and the right body 

side of poultry have not been analysed yet. 

Bone measurements such as bone weight or length from two limbs are used as an animal welfare 

indicator for broiler chickens. The assumption is that both body sides develop symmetrically since 

they must cope with the same environmental conditions. It is assumed that asymmetrical 

development is either caused by genetic factors or reflects development instability, caused by 

challenging rearing conditions (Møller and Swaddle, 1997; van Nuffel et al., 2007). Hence, 

differences between body sides may indicate a reduced fitness and welfare of an animal. Another 

explanation for morphological asymmetry is a one-sided dominance due to a preferred limb. This 

one-sided dominance does not only influence muscles, but also bones and is known in humans, 

rats, rabbits and frogs (Chhibber and Singh, 1970; Singh, 1971; Kimura et al., 1975; Fox et al., 

1995). It seems possible that it also exists in poultry.  

Therefore, additional measurements were made adjunct to the study described in Manuscript 4. 

The DM and ash weight of the left and the right foot from 70 male broiler chickens allocated to 

seven pens were detected. The birds belonged to the same treatment and received a P/Ca reduced 

diet with phytase and coccidiostat supplementation. Performance data of these animals were on a 

similar level as the performance objectives of the breeding company, indicating that the rearing 

conditions were adequate (Aviagen, 2012). A one-way ANOVA using the body side as a fixed effect 

and the animal as a random effect showed a significant effect of body side for the foot ash amount 

(p = 0.044; Table 4). Consequently, when all feet are used from the same side, the left feet provide 

other results than the right ones. However, although the body side effect on foot ash was 

significant, the difference between left and right was small. When the ash weight is expressed as 

the concentration of the foot DM weight, no significant difference between the left and the right 

foot was detected (p = 0.160).  
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Table 4: Differences between the left and the right foot of male 24/25-day-old broiler chickens1 

detected for foot ash amount (mg) and concentration (%) 

 left foot right foot pooled SEM  2 p -value 

Foot ash (mg) 1079 1074 14.9 0.044 

Foot ash (%) 13.1 13.1 0.089 0.160 
1 All birds (n = 70) were part of the study described in Manuscript 4 and received a P/Ca reduced 

diet with phytase and coccidiostat supplementation 
2 SEM = standard error of the mean 

The feet used in this study were cut at the articulatio intertarsalis, so the tarsometatarsus and all toe 

bones were analysed together with the skin, surrounding tissues and claws. The ash is assumed to 

consist mainly of minerals stored in the bone while the DM is more influenced by the surrounding 

soft tissue. Skin or ligaments are more difficult to standardise in sampling than well-defined bones. 

Therefore, the DM weight and consequently also the ash concentration, are more susceptible to 

sampling inaccuracy. Hence the non-significant side effect on ash concentration in contrast to the 

significant effect on ash weight could either be interpreted as an effect on bone mineralisation, 

compensated by the other tissues, or it was related to potential sampling inaccuracy. 

The comparison between the left and right side provides no prediction about the difference 

between the two feet independent from the body side and the consequences for sampling. No 

significant difference between left and right for ash concentration could either mean the left and 

right foot provide the same results or the distribution of animals with the heavier foot on the left 

or the right side was well-balanced in this study. Therefore, the feet of each animal were sorted as 

lighter and heavier instead of left and right. A total of 40 animals (57 %) showed their heavier foot 

ash weight on the left side while it was 45 animals (64 %) when using the ash concentration. One 

animal had identical weights for both sides of ash weight. A significant difference between the 

heavier and lighter side was analysed for both traits (p < 0.001, respectively; Table 5). However, 

the difference between the two sides was small (15 mg for foot ash weight and 0.21 % for foot ash 

concentration), which makes the relevance appear to be minor.  

In conclusion, the two feet of one animal can differ in ash weight and concentration despite 

adequate rearing conditions, indicating a normal physiological process caused by heredity or one-

sided dominance. Although there was a tendency for the left foot to be heavier, there was no clear 

effect of one side. Therefore, using both legs of the same animal may be appropriate for 

methodological investigations when the body side is considered as a random effect. The included 

manuscripts of the present thesis used foot or tibia ash traits determined from the right side of 

each animal, respectively. After analysing the data described in this chapter, a better procedure 
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would be to randomise the sampling side of each animal. Another, more laborious method was 

described by Scholey and Burton (2017). They analysed bones from both legs and used the mean 

from both sides of each animal. Since the analysis described herein was only done with foot ash, it 

could be useful to do it again with more animals and different bone fractions. 

Table 5: Differences between the heavier and the lighter foot of male 24/25-day-old broiler 

chickens1 detected for foot ash amount (mg) and concentration (%) 

 lighter foot heavier foot pooled SEM  2 p -value 

Foot ash (mg) 1067 1082 21.7 <0.001 

Foot ash (%) 13.0 13.2 0.088 <0.001 
1 All birds (n = 70) were part of the study described in Manuscript 4 and received a P/Ca reduced 

diet with phytase and coccidiostat supplementation 
2 SEM = standard error of the mean 

3.3 Comparison of ash amount and concentration  

There are two common ways to present ash values: the absolute amount of ash contained in a bone 

or foot (g or mg), and the ash concentration in a bone fraction (% of DM or g/kg). Most often, 

the ash concentration is used in literature. The ash concentration is calculated from two absolute 

values, the ash amount is related to the DM weight of the respective bone fraction. Therefore, it 

does not reflect the bone weight which is highly related to the bone size. The absolute ash amount 

value shows the total amount of minerals contained in the bone. This amount is affected by the 

weight and consequently the size of a bone and its mineralisation, as already explained by Li et al. 

(2015) and Linde (2018). The bone size and mineralisation vary between animals and are affected 

by factors such as age, breed, feed intake, and phytase supplementation (Huyghebaert et al., 1980; 

Hall et al., 2003). In contrast, very similar ash concentrations can be detected in bones varying 

widely in weight and size (Li et al., 2015).  

Several authors compared the suitability of tibia ash amount and concentration for the purpose of 

P evaluation with different approaches of regression analysis. In all studies, ash data were either 

plotted against non-phytate P or total P supply. Shastak et al. (2012a) reported a much higher R² 

and lower standard errors for the absolute ash amount compared to ash concentration. They did 

not only use the tibia of broiler chickens as evaluation trait, but also tarsometatarsus and toe, which 

behaved very similar. In the study of Li et al. (2015), the R² was very similar for both traits (ash 

amount: 0.81, ash concentration: 0.84). The absolute amount of tibia ash was more suitable than 

the ash concentration in regard to determining the relative bioavailability of different P sources 

(Coon et al., 2007) and the detection of phytase efficacy (Li et al., 2015). Huyghebaert et al. (1980) 
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found a very similar behaviour of regressions between the absolute amount of tibia ash or P 

retention and the intake of non-phytic P. The regression lines of both traits were nearly parallel 

when comparing two different experiments. The regression lines of tibia ash concentration, in 

contrast, showed different behaviour. For this trait, the same ash concentration values were 

detected for different P intake levels. This was not the case for ash amount or P retention. Shastak 

et al. (2012a) compared different response criteria by calculating the ratios of slopes for different 

mineral P sources. The slope ratios of ash data were overall not very close to the one of P retention 

in this study, with ash concentration being closer at an animal age of 21 d than ash amount. When 

birds were 35 d old, the absolute ash amount traits ranked closer to P retention than the 

concentration. Consequently, the animal age may also affect the suitability of ash data in biological 

availability studies. However, all authors concluded the absolute amount of tibia ash is the more 

sensitive trait for P evaluation compared to ash concentration. 

Similar comparisons between ash amount and concentration were not made before for foot ash. 

In contrast to the tibia, the complete foot contains soft tissues surrounding the bones and therefore 

more soft tissues. Hall et al. (2003) account the organic bone components left after water and lipid 

removal being responsible for ash concentration to be less sensitive. All authors who investigated 

the suitability of foot ash as P evaluation trait used ash concentration values. They obtained a high 

relationship between foot and tibia ash concentration values (Table 1). These results suggest that 

the ash contained in the adhering soft tissues has no negative effects on the suitability of the ash 

concentration. Garcia and Dale (2006) also showed a high relationship between dietary available P 

and foot ash concentration (R² = 0.90), indicating that the concentration of foot ash is a suitable P 

evaluation trait. 

Correlation coefficients presented in Table 3 can be used to compare ash amount and 

concentration values obtained in the own studies. As already described in Chapter 3.1.3, rP is the 

most suitable trait to investigate the relationship of ash data with a quantitative P measurement 

trait. The high P supply in all treatments of the study used in Manuscript 2 prevented high 

correlation coefficients in this respect because the variation in the response traits was apparently 

too small. It is notable, however, that a significant correlation coefficient between the absolute tibia 

ash amount and rP was calculated (R = 0.38) while the one between the ash concentration and rP 

was not significant. The other studies conducted with broiler chickens, described in Manuscript 1 

and 4, included treatments with more variation in P supply. Both resulted in very similar correlation 

coefficients for ash amount and concentration with rP, with mostly only marginally higher values 

for the absolute ash amount. For the study resulting in Manuscript 4, only foot ash data were used. 

For this study, the difference between the correlation coefficients of ash amount (R = 0.94) and 
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concentration (R = 0.91) with rP was very small, indicating that the higher amount of ash contained 

in the adhering soft tissues included in the foot ash concentration seemed not to be of importance 

here. For the data used in Manuscript 1, the difference between ash amount (R = 0.92) and 

concentration (R = 0.90) was very similar for the relationship between tibia ash and rP. For foot 

ash, this difference was higher (ash amount: R = 0.94, ash concentration: R = 0.83). The reason 

for this remains unclear. Probably it is related to the used treatments. Three different supplements, 

two phytase products and DCP, were compared in the study described in Manuscript 1. Because 

they were fed in graded supplementation levels, regressions could be calculated between phytase 

supplementation or g P from DCP on the x-axis and different P evaluation traits on the y-axis. The 

slopes ratios between two supplements were used for efficacy calculations. When comparing the 

slope ratios of different traits, it depends on the used supplements whether ash amount or 

concentration showed slope ratios closer to rP. 

When examining the quail data used for Manuscript 3, differences between ash amount and 

concentration were much bigger. The correlation coefficients between absolute ash amount data 

and rP were higher for both tibia (ash amount: R = 0.76, ash concentration: R = 0.37) and foot 

(ash amount: R = 0.75, ash concentration: R = 0.29) than between both bone fractions and ash 

concentration. It seems unlikely, that the poultry species accounts for the higher difference between 

ash amount and concentration than detected in the broiler studies. The subjective perception when 

preparing feet for drying was that the soft tissues of quail were smaller than those of broilers. A 

possible explanation is the P supply of the animals and the treatments examined in the respective 

studies. All quail received the same P reduced diet while broilers in the studies used for Manuscripts 

1 and 4 were distributed in various treatments with very different P supply. Probably the P supply 

of quail was even scarcer than for broilers fed with P reduced diets. Therefore, the variation 

between animals was smaller for quail than for broiler in the conducted experiments, which was 

better reflected by the absolute ash amount. This may confirm the assumption that absolute ash 

amount is the more sensitive P evaluation trait compared to ash concentration.  

To summarise, observations indicate that the absolute amount of ash is at least as suitable as ash 

concentration for P evaluation. Presumably, it is the even more accurate trait. Additionally, the 

absolute ash amount is the easier to obtain trait because it can be directly measured without any 

calculations and the determination of DM content in the respective bone fraction is not necessary.  
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3.4 Selection of birds   

The analysis of tibia or foot ash is easier to perform than other analyses such as digesta analyses, 

but also laborious and time-consuming. Capacity in the laboratory is mostly limited. Therefore, it 

often comes to the question of how many birds should be used for ash analysis and how birds 

should be chosen from a group to obtain representative results. One principle in statistics is that a 

random sample should represent the whole population. Consequently, a random animal should 

represent the entire pen. However, this principle is only valid for large samples (Cohen, 1991) and 

the sample size in animal experiments is often small. Different approaches of the sampling method 

of animals for bone ash data can be found in the literature: while some authors used all animals for 

analyses (Broz et al., 1994; Banks et al., 2004), others selected specified animals. Waldroup et al. 

(2000) used two birds representing the mean BW out of five in the pen, Shaw et al. (2011) selected 

three random animals out of eight and Viveros et al. (2002) two random animals out of eight. Walk 

et al. (2014) decided to analyse four birds representing the mean BW out of twenty, and Adeola 

and Walk (2013) examined the four heaviest out of eight birds of each pen. Smith and Kabaija 

(1985) used three (out of ten) and Yan et al. (2001) two (out of six) not closer defined birds per 

pen. However, the effect of the selection method on the reliability of ash data as P evaluation trait 

has not been studied. Based on the experiments contained in this thesis, was simulated how 

different selection procedures may influence results. The hypothesis was that the bird number and 

selection method affect the results of bone ash data. 

3.4.1 Selection of individual birds 

The most feasible procedure to select single animals from a group is to weigh all the birds after 

slaughter and sort them by their BW. One or more animals can either be chosen by the rank 

position of their BW or by a random number. The broiler chickens used for the study described in 

Manuscript 1 were sorted by their BW, whereby 1 was the lightest and 12 the heaviest animal in 

one pen. Birds number 2, 5, 8, and 11 were chosen for analyses of foot and tibia ash. In case that 

not all animals of one pen survived the experimental period, an appropriate schema was chosen. 

This selection method should ensure to use animals of different BW categories to represent the 

whole spectrum of animals. The heaviest and lightest bird were not used as they are assumed to be 

possible outliers with an extremely high or low BW, which is supposed to influence bone ash 

weight. The four animals per pen resulted in a total of 288 birds for bone ash analyses. To simulate 

what could happen if only one defined animal per pen was selected, the four animals were 

distributed to four BW categories: A (bird number 2), B (bird number 5), C (bird number 8), and 

D (bird number 11). Three different supplements, DCP and two different phytase products 

(Natuphos® E 5000 G (NE) and Natuphos® 5000 G (N)), were used in graded supplementation 
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levels in addition to a low P basal diet in this study. Ash data were used to calculate linear 

regressions with the phytase supplementation or g P from DCP on the x-axis and ash amount or 

concentration on the y-axis (Figure 1).  
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Figure 1:  Effect of supplementation of dicalcium phosphate (at the top) or the phytase products 

Natuphos® E 5000 G and Natuphos® 5000 G (at the bottom) on tibia ash amount using birds 

from all body weight categories 

All birds were part of the study described in Manuscript 1 and received a low-P diet without (basal 

diet) or with graded supplementation levels of dicalcium phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g 

P/kg from DCP) or one of the phytase products Natuphos® E 5000 G (125, 250, 500, and 750 

FTU/kg) and Natuphos® 5000 G (250, 500, and 1000 FTU/kg). Each symbol denotes for one 

animal (n = 24 birds per treatment). SE = standard error 
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Regressions for the three supplements were calculated simultaneously using the MIXED procedure 

of SAS with the basal diet as common intercept for DCP, NE, and N. Linearity was tested using 

diet-�V�S�H�F�L�I�L�F���P�H�D�Q�V���D�V���O�D�F�N���R�I���I�L�W�����¡��� �����������������7�K�H���I�R�O�O�R�Z�L�Q�J���P�R�G�H�O��was chosen:  

yijk = �Jwk+ �>NEcNEij
+ �>NcNij

+ �>DCPcDCPij +w k�>NEcNEij
+ wk�>NcNij

+w k�>DCPcDCP+b j+e ijk  

where �ä�S�Þ represents the common intercept of the kth BW category, �Ú�Ç�¾, �Ú�Ç, and �Ú�½�¼�É represent 

the three slopes for supplement NE, N, and DCP, respectively. �?�Ç�¾�Ü�Ý, �?�Ç�Ü�Ý, and �?�½�¼�É�Ü�Ý are the 

concentrations of each supplement in the pen with the �E�ç�Û treatment and the �F�ç�Û localisation within 

the barn. The localisation effect within the barn �>�Ý (block) was taken as random effect and �A�Ü�Ý�Þ is 

the error of �U�Ü�Ý�Þ from the �G�ç�Û BW category within the �E�F�ç�Û pen. In case of non-significant 

�L�Q�W�H�U�D�F�W�L�R�Q�V�� ���¡�� � �� ������������ �E�H�W�Z�H�H�Q�� �W�K�H�� �%�:�� �F�D�W�H�J�R�U�\���S�Þ and the slope �Ú of one supplement, the 

interaction was removed and a common slope for all BW categories estimated. These calculations 

were done for all four birds selected for ash analyses together and for the four BW categories 

individually. Significant differences between slopes were detected using t-tests.  

For all traits and both slope ratios (DCP/NE and DCP/N), BW category D provided the lowest 

slope ratio and B the highest. The slope ratios indicate the amount of the respective phytase 

product that is needed to cause the same increase in ash data as 1 g P from DCP. Consequently, 

when using only birds from BW category D, less phytase would be necessary to replace 1 g P from 

DCP than when using birds from BW category B. The slope of phytase N was lower than for NE. 

This means a higher amount of N is needed to replace 1 g P from DCP than from NE. While the 

slopes for DCP varied between BW categories, slopes for NE and N were the same for all BW 

categories. Therefore, the maximum difference between two BW categories is higher for the slope 

ratios of DCP/N (slope ratio B – slope ratio D = 171 (foot ash amount) to 369 (foot ash 

concentration)) than for the one of DCP/NE (slope ratio B – slope ratio D = 95 (foot ash amount) 

to 200 (foot ash concentration)). Hence, the relevance of the choice of selection is different and 

depending on the supplement under investigation. The ranking of BW categories was the same for 

the slopes of all analysed traits (D < C < all < A < B). However, both tibia and foot ash amount 

had smaller differences between the highest and the lowest BW category than the ash concentration 

of tibia and foot. Therefore, the selection method has a greater influence on phytase efficacy 

estimate when using ash concentration as evaluation trait compared to ash amount. Assuming that 

all four birds together provided the most reliable results since the highest number of animals was 

used, the highest and lowest deviation from this category varied between traits, but not between 

the two ratios of one trait. For tibia ash amount and foot ash concentration, slope ratios from BW 

category A had the lowest deviation from all animals and B the highest. For tibia ash concentration 
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and foot ash amount, slope ratios of animals from BW category C differed the least from all animals 

and D most. In summary, these results confirm that the way of animal selection affects the results 

of product efficacy estimated with ash data when only one defined animal is chosen from a group. 

However, it is not possible to recommend a selection method.  

Table 6: Analysis of variance (ANOVA) of the effects used for the regressions between tibia or 

foot ash amount (mg) or concentration (%) and the level of three supplements1 analysed for 

different body weight categories2 and the slopes estimated for these regressions 

 Tibia ash   Foot ash 
Slopes mg SE 3 % SE 3  mg SE 3 % SE 3 

N4 0.22 0.02 0.0055 0.0006  0.24 0.014 0.0019 0.0002 
NE4 0.42 0.02 0.011 0.0008  0.43 0.019 0.0035 0.0003 
DCP A   135abc 9.85 4.33a 0.35   142ab 8.61  1.44ab 0.13 
DCP B 157a 9.85 4.40a 0.35  151a 8.61 1.63a 0.13 
DCP C  119bc 9.85   3.07bc 0.35   126bc 8.61 0.96c 0.13 
DCP D 115c 9.85  2.71c 0.35  110c 8.61 0.93c 0.13 
DCP all 132b 9.85  3.63b 0.35  132b 8.61 1.24b 0.13 
ANOVA          
BW <0.001  <0.001   <0.001  <0.001  
NE <0.001  <0.001   <0.001  <0.001  
N <0.001  <0.001   <0.001  <0.001  
DCP <0.001  <0.001   <0.001  <0.001  
BW × N 0.290  0.062   0.572  0.409  
BW × NE 0.153  0.773   0.412  0.634  
BW × DCP 0.027  <0.001   0.024  <0.001  

1 All birds (n = 24 animals per treatment) were part of the study described in Manuscript 1 and 

received a low-P diet without (basal diet) or with graded supplementation levels of dicalcium 

phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g P/kg from DCP) or one of the phytase products 

Natuphos® E 5000 G (NE; 250, 500, and 750 FTU/kg) and Natuphos® 5000 G (N; 250, 500, 

and 1000 FTU/kg) 
2 The 12 birds of each pen were sorted by increasing body weight (BW) and defined birds selected 

to represent different BW categories: A = bird 2, B = bird 5, C = bird 8, D = bird 11, all = A + B 

+ C + D 
3 SE = standard error 
4 The non-significant interactions between BW and N or NE were removed from the model and a 

common slope of all BW categories was calculated for these supplements 
a–c �0�H�D�Q�V���Z�L�W�K�L�Q���D���F�R�O�X�P�Q���Q�R�W���V�K�R�Z�L�Q�J���D���F�R�P�P�R�Q���V�X�S�H�U�V�F�U�L�S�W���D�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W�����¡��� ������������ 
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Table 7: Slope ratios of regressions between tibia or foot ash amount (mg) or concentration (%) 
and phytase supplementation (Natuphos® E 5000 G (NE) or Natuphos® 5000 G (N)) or 
supplementation of dicalcium phosphate (DCP) for different body weight categories of broiler 
chickens1 

 Body weight category2 

Slope ratios A B C D All 
(A+B+C+D)  

Tibia ash mg      
DCP/N 614 714 541 523 600 
DCP/NE 321 374 283 274 314 
Tibia ash %      
DCP/N 787 800 558 493 660 
DCP/NE 394 400 279 246 330 
Foot ash mg      
DCP/N 592 629 525 458 550 
DCP/NE 330 351 293 256 307 
Foot ash %      
DCP/N 758 858 505 489 653 
DCP/NE 411 466 274 266 354 

1 All birds (n = 24 animals per treatment) were part of the study described in Manuscript 1 and 

received a low-P diet without (basal diet) or with graded supplementation levels of dicalcium 

phosphate (DCP; 0.7, 1.4, 2.1, and 2.9 g P/kg from DCP) or one of the phytase products 

Natuphos® E 5000 G (250, 500, and 750 FTU/kg) and Natuphos® 5000 G (250, 500, and 1000 

FTU/kg). Slopes used for the calculations are shown in Table 6 
2 The 12 birds of each pen were sorted by increasing body weight and defined birds selected to 

represent different BW categories: A = bird 2, B = bird 5, C = bird 8, D = bird 11 

In the study described in Manuscript 2, tibiae of all birds were used for ash analyses. However, the 

variation of P supply was very low and resulted in no significant differences in ash data between 

treatments. Therefore, further investigations regarding the selection of birds are not possible for 

this study. 

3.4.2 Comparison of defined and randomly selected birds 

Foot ash data of each of the ten animals per pen were used for the study described in Manuscript 

4 to analyse relative bioavailability of P. These data were also used for further analyses to simulate 

the use of defined animals for the evaluation of ash data. The 560 birds were allocated to eight 

experimental treatments designed as a 2 × 2 × 2-factorial arrangement. They were fed diets without 

(P/Ca-) or with (P/Ca+) monocalcium phosphate, without (Phy-) or with (Phy+) phytase 

supplementation, and without (Coc-) or with (Coc+) coccidiostat supplementation. The additional 

treatment described in Manuscript 4 providing coccidiostat supplementation in the starter, but not 

in the grower diet was not used for the following analysis. Birds were weighed after slaughter and 

sorted by increasing BW. A three-way ANOVA with the P/Ca, phytase and coccidiostat levels as 
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fixed effects and the block and pen as random effects was performed for different numbers of 

animals chosen in specific ways: 

- All ten birds of each pen 

- Birds of each pen were divided into 3 BW categories (light: birds 1-3, middle: birds 4-7, 

heavy: birds 8-10) and one bird per BW category randomly selected 

- 2 birds per pen with a mean BW (birds 5+6) 

- 4 randomly selected birds/pen 

- 3 randomly selected birds/pen 

- 2 randomly selected birds/pen 

- 1 randomly selected bird/pen 

For the random selection, the respective quantity of random numbers between 1 and 10 was 

created by the PROC PLAN procedure of SAS. Random numbers are used for animal selection to 

avoid the unconscious preference of specific animals when picking random animals directly after 

slaughter. When only one animal was selected, the pen was not used as a random effect in the 

statistical analysis. Heterogeneity of error variances between treatments was tested for each 

selection method, and the model with the smallest Akaike information criterion was used. Results 

of the ANOVA for foot ash amount (Table 8) and concentration (Table 9) showed distinctly 

increased pooled standard errors of the mean when fewer animals were used for the analysis. 

Consequently, the estimates are more inaccurate and the likelihood to detect significant differences 

is lower.  

The three-way interaction between P/Ca level, phytase and coccidiostat supplementation was only 

significant for all animals and the 2 mean animals when examining the ash amount data, pointing 

towards the most sensitive analysis within these selection methods. For the ash concentration, all 

birds, 3 BW categories, 4 random birds and 1 random bird resulted in a significant three-way 

interaction. However, different selection methods provided different significant differences 

between treatments. The ranking of foot ash amount or concentration between treatments also 

varied mostly with different selection methods. Only treatments P/Ca+Phy-Coc- (third highest 

ash amount and concentration), P/Ca-Phy-Coc+ (second lowest ash amount and concentration), 

and P/Ca-Phy-Coc- (lowest ash amount and concentration) had the same ranking for all selection 

methods. This means different results would be obtained with different selection methods. Only 

the variant of using 2 mean birds had the same ranking of treatments as all birds for ash amount. 
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When observing the ash concentration, both 4 and 2 randomly selected birds showed the same 

ranking of treatments as all animals. 

Table 8: Effect of number and selection method1 of birds on the evaluation of foot ash amount 

of 25-day-old broiler chickens fed different experimental diets2  

 All (10 
birds) 

3 BW 
categories 

2 birds 
mean 
BW 

4 
random 

birds 

3 
random 

birds 

2 
random 

birds 

1 
random 

bird 
Estimated treatment means      
P/Ca-Phy-Coc- 568e 556 579d 565 554 581 592 
P/Ca-Phy-Coc+ 638d 651 663d 636 607 633 660 
P/Ca-Phy+Coc- 1079c 1103    1125bc 1098 1093 1108 1162 
P/Ca-Phy+Coc+ 1074c 1076 1051c 1075 1079 1125 1051 
P/Ca+Phy-Coc- 1145b 1119 1167b 1141 1194 1159 1178 
P/Ca+Phy-Coc+ 1077c 1084    1095bc 1099 1091 1091 1030 
P/Ca+Phy+Coc- 1277a 1282 1263a 1306 1304 1265 1401 
P/Ca+Phy+Coc+ 1281a 1264 1276a 1275 1282 1334 1268 
pooled SEM 3 22.6 32.7 34.5 29.7 34.5 47.2 57.3 
        
ANOVA        
P/Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Phytase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Coccidiostat 0.968 0.856 0.589 0.747 0.361 0.589 0.048 
P/Ca×Phy <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 
P/Ca×Coc 0.019 0.161 0.439 0.131 0.086 0.600 0.140 
Phy×Coc 0.942 0.217 0.413 0.288 0.881 0.435 0.305 
P/Ca×Phy×Coc 0.008 0.106 0.010 0.186 0.123 0.184 0.228 

1 Data basis for the three-way ANOVA were either all (10) birds of one pen (n = 560) or some 

specified selected: 3 body weight (BW) categories = animals were divided into 3 BW categories 

(light, mean, heavy) and one random bird of each BW category was selected; 2 animals mean 

BW = birds were sorted by increasing BW and birds number 5 and 6 were used for the analysis 
2 All birds were part of the study described in Manuscript 4 and received a diet without (P/Ca-) or 

with (P/Ca+) monocalcium phosphate, without (Phy-) or with (Phy+) phytase and without (Coc-) 

or with (Coc+) coccidiostat supplementation 
3 SEM = standard error of the mean 
a–e �0�H�D�Q�V���Z�L�W�K�L�Q���D���F�R�O�X�P�Q���Q�R�W���V�K�R�Z�L�Q�J���D���F�R�P�P�R�Q���V�X�S�H�U�V�F�U�L�S�W���D�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W�����¡��� ������������ 

These results indicate that the number of animals which should be used for ash analyses depends 

on the expected differences between treatments. Still, the best practice is to use all animals of one 

pen. The variant of using 2 mean animals provided the closest results for ash amount regarding 

significances and ranking of treatments. The absolute ash amount better reflects the bone size and 

therefore also the animal weight than ash concentration. Accordingly, animals with mean BW 

reflect better ash amount than ash concentration. The use of 3 BW categories was simulated to 

make a compromise between representing the whole spectrum of different BW in the pen and 
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using a random sample. When using three completely random samples, it is also possible that the 

three lightest animals are chosen. For foot ash amount, results of these two selection methods were 

very similar, implying that the use of defined animals is not superior to random animals for the 

here obtained data. For ash concentration, the three-way interaction was significant for 3 BW 

categories, but not for 3 randomly selected animals. Consequently, not only the expected difference 

between treatments is of importance for the decision on a selection method, but also the trait which 

should be analysed.  

Table 9: Effect of number and selection method1 of birds on the evaluation of foot ash 

concentration of 25-day-old broiler chickens fed different experimental diets2 

 All (10 
birds) 

3 BW 
categories 

2 birds 
mean 
BW 

4 
random 

birds 

3 
random 

birds 

2 
random 

birds 

1 
random 

bird 
Estimated treatment means      
P/Ca-Phy-Coc- 9.46f 9.25e 9.75 9.54e 9.26 9.45 9.49c  

P/Ca-Phy-Coc+ 9.84e 10.0d 9.98 9.83e 9.66 9.69 10.1c  

P/Ca-Phy+Coc- 13.3d     13.3bc 13.1 13.4c 13.1 13.2 13.8b 

P/Ca-Phy+Coc+ 13.1d 13.1c 13.3 12.9d 13.1 13.0 13.3b 

P/Ca+Phy-Coc- 14.4b 14.4a 14.4 14.4b 14.6 14.5 14.8a 

P/Ca+Phy-Coc+ 13.8c 13.7b 14.0 13.7c 13.9 13.8  14.1bc 

P/Ca+Phy+Coc- 14.9a 14.6a 15.1 14.8a 15.2 14.8 14.7a 

P/Ca+Phy+Coc+ 14.8a 14.7a 14.7    14.8ab 15.0 14.5 14.8a 

pooled SEM 3 0.11 0.20 0.24 0.17 0.21 0.25 0.30 
        
ANOVA        
P/Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Phytase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Coccidiostat 0.117   0.931   0.516   0.070   0.329   0.217   0.636 
P/Ca×Phy <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
P/Ca×Coc 0.009   0.051   0.084   0.299   0.033   0.177   0.346 
Phy×Coc 0.495   0.821   0.823   0.670   0.993   0.929   0.685 
P/Ca×Phy×Coc 0.001   0.001   0.958   0.005   0.101   0.256   0.030 

1 Data basis for the three-way ANOVA were either all (10) birds of one pen (n = 560) or some 

specified selected: 3 body weight (BW) categories = animals were divided into 3 BW categories 

(light, mean, heavy) and one random bird of each BW category was selected; 2 animals mean 

BW = birds were sorted by increasing BW and birds number 5 and 6 were used for the analysis 
2 All birds were part of the study described in Manuscript 4 and received a diet without (P/Ca-) or 

with (P/Ca+) monocalcium phosphate, without (Phy-) or with (Phy+) phytase and without (Coc-) 

or with (Coc+) coccidiostat supplementation 
3 SEM = standard error of the mean 
a–f �0�H�D�Q�V���Z�L�W�K�L�Q���D���F�R�O�X�P�Q���Q�R�W���V�K�R�Z�L�Q�J���D���F�R�P�P�R�Q���V�X�S�H�U�V�F�U�L�S�W���D�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W�����¡��� ������������ 
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To conclude, the number and selection method of animals for bone ash data can influence results. 

More experiments with bigger data sets are needed to elucidate if the use of multiple animals with 

mean BW is most suitable for ash amount when it is not possible to use all animals for ash analyses. 

In any case, it is necessary to describe the selection method of animals in publications to interpret 

the results adequately.  

3.5 Bone ash data for phosphorus  efficiency breeding  

Besides the supplementation of phytase products, breeding for P efficiency is a possible tool to 

reduce the supplementation of mineral P to poultry diets. The breeding program can be related to 

the feed ingredients by increasing the amount of plant-derived phytase (Holme et al., 2012; Scholey 

et al., 2017) or by reducing the phytate in the crop (Raboy, 2020). In both options relating to the 

feed ingredients, the program´s success can be monitored with the help of an animal experiment 

where bone ash is analysed. Another possibility for P efficiency breeding is a program related to 

the animal (Diarra et al., 2010), where bone ash can be used as a proxy trait. The heritability 

estimated for bone ash data estimated in Manuscript 3 (0.230-0.342) was higher than that for PU 

(0.134). Also, strong genetic (0.462-0.549) and phenotypic (0.268-0.527) correlations were detected 

between foot and tibia ash data and PU. Consistent with other methodological considerations of 

this thesis, foot ash amount showed higher phenotypic and genetic correlations with PU than tibia 

ash amount or the ash concentration values of both bones. Additionally, the highest heritability 

among these bone ash traits was detected for foot ash amount. Consequently, foot ash amount 

seems to be the most suitable proxy trait for the purpose of breeding for PU. 

Beck et al. (2016a) performed profound genetic analyses concerning PU including the detection of 

quantitative trait loci (QTL) (Beck et al., 2016b) with the same quails used for the experiment 

described in Manuscript 3. They considered PU a ‘very-hard-to-measure trait’ and investigated the 

complex biological relationship between PU, feed conversion, and BW gain. These relationships 

are essential to consider when the aim is to predict all the effects that a selection for high PU would 

have on the animals. It would be of interest to apply these structural equation models again to 

investigate the relationship between PU and bone ash data better. Bone ash showed higher genetic 

and phenotypic correlations with PU than the performance data and is easier to analyse than PU, 

especially under practical conditions. Thus, ash data might serve as proxy traits to improve PU in 

a breeding program. Genetic analyses of different bone traits have been reported several times in 

literature since bone health is an important issue in the poultry industry with a strong influence on 

animal welfare and economy of production. A high ash amount in the bone accounts for good 

mineralisation and therefore strong bones. Skeletal disorders are of high importance in the poultry 

industry and have multifactorial reasons. Housing conditions, genetics and nutrition, especially a 
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lack of minerals, are the most frequent causes for non-infectious leg disorders (Hafez and Hauck, 

2005). González-Cerón et al. (2015) concluded bone quality traits like tibia ash concentration to 

have an additive genetic background which can therefore be improved through selection. Mignon-

Grasteau et al. (2016) identified numerous tibia related QTL in their study using broiler chickens. 

However, to manage limited global rock phosphate reserves and to reduce eutrophication, it is vital 

to select not only on high bone ash amount but also on PU. Therefore, the selection of animals for 

breeding with bone ash as a proxy trait should be made with birds fed a P reduced diet to let the 

animals express their full genetic potential of PU. A P reduced diet was provided in the experiment 

described in Manuscript 3.  

The underlying mechanism leading to the heritability estimation mentioned before needs to be 

elucidated in more depth, including the role of microbes. The gastrointestinal microbiota are 

involved in PU and might be influenced by breeding (Hufeldt et al., 2010; Schokker et al., 2015). 

Borda-Molina et al. (2020) analysed the microbiota composition of the quail used for Manuscript 

3. They found differences in the abundance of some microorganisms between animals with low 

and high PU. Still, they could not differentiate if these differences were caused by differences in 

PU or vice versa. Other authors reported a relationship between microbiota composition and bone 

metabolism, inter alia by affecting the nutrient absorption (Hernandez et al., 2016; Pacifici, 2018). 

Significant correlations between microorganisms and bone ash data were also observed in the 

experiments described in Manuscript 1 and 4. Hence, microbial activity in the digestive tract may 

be one linkage between the genome of the animal and its P utilisation efficiency. Ponsuksili et al. 

(2020) also used samples from the quail described in Manuscript 3. They selected birds with high 

or low PU and did microRNA profiling of ileum tissue. They found functional pathways involved 

in phosphate or bone metabolism that were differentially expressed in high and low PU quails.  

The relationship between all these processes needs to be examined more detailed for a targeted P 

efficiency breeding. Results obtained with Japanese quail need to be verified with target species 

such as broiler chickens and laying hens.  
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3.6 Conclusions and perspectives for future research  

Investigations performed in this thesis showed the importance of a careful selection of methods 

when using bone ash data for the evaluation of relative P bioavailability. It would be helpful to 

have a standardised assay to obtain meaningful and more comparable estimates. 

For the decision between tibia and foot ash, no clear preference of one bone fraction was 

determined. Using the tibia has the advantage of being a clearly defined bone, but it includes the 

risk of missing bone fragments during the laborious preparation process. The foot, in contrast, is 

very easy to handle because the soft tissues surrounding the bones do not have to be removed. 

However, standardisation of the segregation of soft tissues and skin is hardly possible. A strong 

relationship between tibia and foot ash was observed in literature and the conducted studies. Only 

marginal differences were detected between the P concentration in the ash of both bone fractions. 

The relationship with quantitative P measurements like retained P was also very similar between 

tibia and foot ash. An interesting aspect of further research would be the comparison of whole-

body P concentration with the P concentration in both tibia and foot ash to obtain which bone 

fraction reflects the whole body best. 

The evaluation of ash data from both body sides of broiler chickens showed significant differences 

between both ash amount and concentration of the heavier and lighter foot. This should be 

considered when planning to sample for bone ash data. A possibility is to randomise the body side 

of sampling for each animal. Since investigations for this methodological aspect were only done 

with foot ash, further studies using both foot and tibia ash from a higher number of animals could 

be helpful. 

Several authors recommend using ash amount data instead of ash concentration. Observations 

described in this thesis confirm that the absolute amount of foot or tibia ash is at least as suitable 

as ash concentration for the evaluation of relative P bioavailability. The ash amount could be even 

more precise because the bone weight is included. An additional advantage is a direct measurement 

without any calculations and the determination of dry matter content, which are necessary for the 

investigation of ash concentration values.  

A simulation of different approaches showed that the number of animals selected from a group 

for bone ash analyses and the way of selection affects the outcome of P evaluation studies. If 

possible, all animals involved in the experiment should be used for ash analyses. However, if a 

selection is inevitable, it should be made based on the expected differences between treatments, 

the intended response trait (ash amount or concentration), and the analysed supplements. To 
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further explore the influencing factors and to recommend a selection method, studies with bigger 

datasets are needed. 

Japanese quail were used as model animals for broiler chickens in this thesis. However, direct 

comparisons were not included. An experiment using both poultry species simultaneously could 

help to elucidate species-specific effects. Different P levels in the diet should be used, and both 

bone ash data and precaecally digestible P should be analysed. 

Bone ash data might play an important role in P efficiency breeding. Among the bone ash traits, 

foot ash amount showed the highest heritability and closest phenotypic and genetic correlations 

with P utilisation, indicating it might be most suitable for this purpose. Further investigations are 

needed to understand the complex relationship of all biological processes involved in P utilisation 

and to establish a successful breeding program. 
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Table S2. Pairwise comparisons of the treatments1 based on the ileal microbial composition. 
PERMANOVA analysis resulted in an overall P-value of 0.023. 
 

 

 P-value 
BH 

correction 
BD vs DCP 0.7 0.177 0.449 
BD vs DCP 1.4 0.243 0.449 
BD vs DCP 2.1 0.338 0.581 
BD vs DCP 2.9 0.012 0.183 
BD vs NE 250 0.193 0.449 
BD vs NE 500 0.471 0.755 
BD vs NE 750 0.067 0.283 
BD vs N250 0.239 0.449 
BD vs N500 0.889 0.940 
BD vs N1000 0.007 0.183 

DCP 0.7 vs DCP 1.4 0.771 0.903 
DCP 0.7 vs DCP 2.1 0.544 0.787 
DCP 0.7 vs DCP 2.9 0.637 0.875 
DCP 0.7 vs NE 250 0.740 0.903 
DCP 0.7 vs NE 500 0.804 0.903 
DCP 0.7 vs NE 750 0.515 0.787 
DCP 0.7 vs N250 0.057 0.279 
DCP 0.7 vs N500 0.241 0.449 
DCP 0.7 vs N1000 0.236 0.449 
DCP 1.4 vs DCP 2.1 0.224 0.449 
DCP 1.4 vs DCP 2.9 0.932 0.967 
DCP 1.4 vs NE 250 0.873 0.940 
DCP 1.4 vs NE 500 0.747 0.903 
DCP 1.4 vs NE 750 0.970 0.988 
DCP 1.4 vs N250 0.044 0.253 
DCP 1.4 vs N500 0.167 0.449 
DCP 1.4 vs N1000 0.240 0.449 
DCP 2.1 vs DCP 2.9 0.061 0.279 
DCP 2.1 vs NE 250 0.222 0.449 
DCP 2.1 vs NE 500 0.800 0.903 
DCP 2.1 vs NE 750 0.107 0.392 
DCP 2.1 vs N250 0.245 0.449 
DCP 2.1 vs N500 0.725 0.903 
DCP 2.1 vs N1000 0.046 0.253 
DCP 2.9 vs NE 250 0.705 0.903 
DCP 2.9 vs NE 500 0.480 0.755 
DCP 2.9 vs NE 750 0.998 0.998 
DCP 2.9 vs N250 0.013 0.183 
DCP 2.9 vs N500 0.045 0.253 
DCP 2.9 vs N1000 0.834 0.917 
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NE 250 vs NE 500 0.786 0.903 
NE 250 vs NE 750 0.542 0.787 
NE 250 vs N250 0.036 0.253 
NE 250 vs N500 0.209 0.449 
NE 250 vs N1000 0.132 0.449 
NE 500 vs NE 750 0.410 0.684 
NE 500 vs N250 0.189 0.449 
NE 500 vs N500 0.573 0.808 
NE 500 vs N1000 0.189 0.449 
NE 750 vs N250 0.027 0.246 
NE 750 vs N500 0.105 0.392 
NE 750 vs N1000 0.262 0.466 

N250 vs N500 0.670 0.898 
N250 vs N1000 0.008 0.183 
N500 vs N1000 0.025 0.246 

1 BD: Basal diet, DCP: Dicalcium phosphate, NE: Natuphos E 5000 G, N: Natuphos 5000 G.  
  



52 INCLUDED MANUSCRIPTS 
 

Table S3.  Replicates average similarity within each experimental treatment 

 

Experimental treatment Average 
similarity (%) 

BD 38 
DCP 0.7 52 
DCP  1.4 47 
DCP 2.1 47 
DCP 2.9 50 
NE 250 49 
NE 500 35 
NE750 58 
N 250 50 
N 500 45 
N 1000 69 
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Figure S1. Box-�S�O�R�W���I�R�U���.-diversity indexes in the ileum microbiota for the experimental 

diets. (A) Shannon diversity, (B) Simpson Index, (C) Pielou’s evenness. BD: Basal diet, DCP: 

Dicalcium phosphate, NE: Natuphos E 5000 G, N: Natuphos 5000 G.  
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Figure S2. Relationship between relative abundance of OTU42 (assigned to Lactobacillus 

crispatus) with final BW, ADG, tibia and foot ash, prececally digestible P (pcdP) and pcdP 

intake in ileum digesta. BD: Basal diet, DCP: Dicalcium phosphate, NE: Natuphos E 5000 G, 

N: Natuphos 5000 G.
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Table S3 Effect of the experimental diets and the sampling section on the microbial composition 
(PERMANOVA analysis)  

 

A. Treatments of the 2 x 2 x 2 factorial arrangement of treatments 

 
Crop and 

Ileum 
Crop Ileum 

 P-values 
Treatment 0.001 <0.001 <0.001 
Section 0.001   
Treatment x Section 0.969   
    
P/Ca 0.055 0.195 0.201 
Phytase 0.021 0.032 0.321 
Coccidostat <0.001 <0.001 <0.001 
P/Ca×Phy 0.147 0.068 0.812 
P/Ca×Coc 0.001 0.008 0.007 
Phy×Coc 0.009 0.105 0.070 
P/Ca×Phy×Coc 0.025 0.378 0.044 

 

B. Pairwise comparisons between treatments P/Ca-Phy-Coc-, P/Ca-Phy-Coc+, and P/Ca-Phy-
Coc+ 

 

 Crop Ileum 
P/Ca-Phy-Coc- vs P/Ca-Phy-Coc+ 0.001 <0.001 
P/Ca-Phy-Coc- vs P/Ca-Phy-Coc+ 0.246 0.213 
P/Ca-Phy-Coc+ vs P/Ca-Phy-Coc+ 0.003 0.001 
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Figure S1 Distribution of the Operational Taxonomic Units (OTUs). Venn diagram showing the 

intersection between the crop and ileum (A). Matrix layout to show the number of OTUs for the core 

microbiota at Operational Taxonomic Units level found in the crop (B) and ileum (C)  
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Figure S2 Cluster analysis for crop (A) and ileum (B) digesta samples  
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Figure S3 Non-metric multi-dimensional scaling plot illustrating the global bacterial community 

structure. Dietary treatments are shown based on their replicates obtained for the digesta samples of 

crop (A) and ileum (B). The symbols represent one pooled sample from each pen comprising all 

Operational Taxonomic Units 
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5 SUMMARY 

Phosphorus (P) is an essential element that is crucial for various metabolic processes in the body 

of animals and humans. To keep the animals healthy and to obtain food products rich in nutrients, 

an adequate P supply is indispensable. Plant feedstuffs, the main components of poultry diets, 

contain P in a form that is only partially available to poultry. For this reason, poultry diets are often 

supplemented with mineral P. However, global rock phosphate reserves, where mineral P is mined 

from, are limited. Additionally, excessive P supply should also be avoided because of the 

environmental impact of P accumulation in the soil. Consequently, P supply not exceeding the 

requirements of poultry is essential to ensure animal wellbeing and to protect the environment. In 

order to feed diets with adequate concentrations of P, it is necessary to have suitable approaches 

for the determination of available P in the animal. The availability of P varies widely between feed 

components and it is also influenced by feed supplements and other factors. Bone ash analysis is 

an often-used tool to evaluate the relative bioavailability of P since a high amount of P is stored in 

the bones. A standard assay for bone ash analyses has never been agreed on. Therefore, many 

different approaches are described in the literature with an unknown impact on the results of P 

bioavailability studies. 

The main objective of the present thesis was to examine the suitability of bone ash data for the 

evaluation of available P in poultry with emphasis on methodological aspects. Therefore, different 

studies with broiler chickens and Japanese quail were conducted. The experiments comprised 

various aspects related to P availability in poultry. The effect of feed supplements in the form of 

phytase products, myo-inositol and a coccidiostat were evaluated. Furthermore, quantitative genetic 

analyses were performed. All experiments had in common that tibiotarsus (tibia) or foot ash data 

or both were used for the examination of the relative bioavailability of P. Based on the data that 

accrued during the studies described in the four manuscripts of this thesis, comprehensive 

methodological analyses were performed. 

The tibia and foot were compared regarding their appropriateness as a trait for the evaluation of 

the relative bioavailability of P by using bone ash data. The relationship between the two traits was 

investigated, as well as the relationship between foot or tibia ash and quantitative P measurements. 

Additionally, P concentration in the ash of both bone fractions was analysed and compared. Results 

indicated only minor differences between tibia and foot ash data. No clear preference for one of 

them could be deduced from the data. 

The left and right feet of broiler chickens were compared in terms of both ash concentration and 

total ash amount. Significant differences between the two feet of the same animal were detected 
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for both traits. Consequently, not only the choice of the bone fraction but also of the body side 

should be considered when sampling for bone ash data. 

Ash data are mostly expressed as a concentration of the dry matter content of the bone. Also 

possible is the use of the absolute ash amount. The relationship of both ways of expression with 

traits of quantitative P measurements was analysed by using correlation coefficients and regression 

analyses. Results showed that the absolute ash amount was at least as suitable as ash concentration 

but has the advantage that it is easier to determine. 

Possible selection procedures for animals for bone ash analyses were simulated with data from two 

of the experiments. Often it is not possible to use all animals involved in an experiment for bone 

ash analyses. Therefore, the influence of sampling frequency and selection method on the outcome 

of P availability studies was evaluated. Results indicated that the number and selection method of 

animals for bone ash data might influence the results. However, it was not possible to recommend 

a specific selection method based on the obtained results.  

Estimates of heritability and genetic correlations showed the suitability of bone ash data as a proxy 

trait for P efficiency breeding of poultry. The absolute amount of bone ash data appeared to be 

most promising for this purpose.  

Bone ash data are a very useful and easy to determine trait to estimate the relative bioavailability of 

P. However, investigations performed in this thesis showed the importance of a careful selection 

of methods. A standardised assay would be helpful to obtain meaningful and more comparable 

estimates of relative P bioavailability. 
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6 ZUSAMMENFASSUNG 

Phosphor (P) ist für Tiere und Menschen ein essenzielles Element, das für zahlreiche 

Stoffwechselvorgänge im Körper benötigt wird. Eine ausreichende Versorgung mit P ist 

unabdingbar, um Tiere gesund zu erhalten und um nährstoffreiche Lebensmittel zu erzeugen. Der 

Hauptbestandteil von Geflügelrationen sind pflanzliche Futtermittel. Diese enthalten P in einer 

Form, die nur teilweise für Geflügel nutzbar ist. Deshalb werden Geflügelrationen meist mit 

mineralischem P ergänzt. Dieser mineralische P wird aus Gesteinsphosphaten gewonnen, deren 

global vorhandene Ressourcen begrenzt sind. Zusätzlich ist auch eine übermäßige Versorgung der 

Tiere mit P zu vermeiden, da große Mengen an P-Ausscheidungen negative Auswirkungen auf die 

Umwelt durch die Anreicherung im Boden haben. Daher ist eine Versorgung der Tiere nahe an 

ihrem Bedarf notwendig, um ihre Gesundheit und die Umwelt zu schützen. Für eine Fütterung der 

Tiere nahe an ihrem P-Bedarf ist es notwendig, geeignete Verfahren für die Bestimmung des im 

Tier verfügbaren P anwenden zu können. Der Anteil an verfügbarem P variiert stark zwischen 

verschiedenen Futterbestandteilen und wird von Futterzusätzen und anderen Faktoren beeinflusst. 

Eine weit verbreitete Möglichkeit hierfür ist die Ermittlung der relativen Bioverfügbarkeit von P 

anhand von Knochenasche-Daten. Ermöglicht wird dieses Verfahren durch die große Menge an 

P, die in den Knochen eingelagert ist. Für die Verwendung von Knochenasche gibt es allerdings 

kein standardisiertes Vorgehen, was dazu führt, dass viele verschiedene Methoden in der Literatur 

beschrieben sind. Der Einfluss von verschiedenen Vorgehensweisen auf die Ergebnisse der 

Arbeiten, die die relative Bioverfügbarkeit von P untersuchen, ist unbekannt.  

Das Hauptziel der vorliegenden Arbeit war es, die Eignung von Knochenasche-Daten für die 

Ermittlung des verfügbaren P bei Geflügel zu überprüfen. Der Schwerpunkt lag dabei auf 

methodischen Gesichtspunkten. Für diesen Zweck wurden verschiedene Versuche mit Broilern 

und Japanischen Wachteln durchgeführt. Diese beinhalteten verschiedene Aspekte der 

Verfügbarkeit von P bei Geflügel. Analysiert wurden die Auswirkungen von verschiedenen 

Futterzusätzen wie Phytasen, myo-Inositol und einem Kokzidiostatikum. Außerdem wurde eine 

quantitative genetische Auswertung durchgeführt. Die Gemeinsamkeit aller Versuche bestand 

darin, dass Tibiotarsus- (Tibia) oder Fußasche oder die Asche beider Knochenfraktionen für die 

Bestimmung der relativen Bioverfügbarkeit von P verwendet wurden. Anhand der Daten, die in 

den vier Manuskripten dieser Dissertation beschrieben wurden, wurden umfassende methodische 

Auswertungen durchgeführt.  

Die beiden Knochenasche-Fraktionen Tibia und Fuß wurden im Hinblick auf ihre Eignung als 

Merkmal für die Beurteilung der relativen P-Bioverfügbarkeit verglichen. Dabei wurde die 
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Beziehung der beiden Knochenasche-Fraktionen zueinander ebenso betrachtet wie ihre Beziehung 

zu Merkmalen der quantitativen P-Bewertung. Auch der P-Gehalt in der Asche des jeweiligen 

Knochenfraktion wurde analysiert und verglichen. Dabei zeigte sich, dass Tibia und Fuß sich in 

allen untersuchten Aspekten sehr ähnlich verhielten. Eine Entscheidung zwischen der Verwendung 

von Tibia- und Fußasche kann nach aktuellem Kenntnisstand anhand der bevorzugten 

Probenahme getroffen werden. 

Der rechte und linke Fuß von Broilern wurden sowohl im Hinblick auf ihre Aschekonzentration 

als auch auf die absolute Aschemenge verglichen. Dabei konnten für beide Merkmale signifikante 

Unterschiede zwischen den beiden Füßen desselben Tieres festgestellt werden. Somit sollte nicht 

nur die Wahl des Körperteils, sondern auch die der Körperseite bei der Gewinnung von 

Probenmaterial für Aschedaten berücksichtigt werden.  

In der Literatur werden Aschedaten meist als Konzentration in Bezug auf die Trockenmasse der 

Tibia oder des Fußes angegeben. Es ist jedoch auch die Verwendung der absoluten Aschemenge 

möglich. Das Verhältnis der beiden Varianten mit Merkmalen der quantitativen P-Bewertung 

wurde mit Hilfe von Korrelationskoeffizienten und Regressionsanalysen verglichen. Dabei zeigte 

sich, dass die absolute Aschemenge mindestens ebenso gut geeignet ist wie die 

Aschekonzentration, jedoch den Vorteil der einfacheren Bestimmung hat.  

Anhand der Daten aus zwei der beschriebenen Versuche wurden mögliche Auswahlverfahren von 

Tieren für Knochenasche-Analysen simuliert. Häufig ist es nicht möglich, alle Tiere, die an einem 

Versuch beteiligt sind, für die Analyse von Knochenasche zu verwenden. Daher sollte der Einfluss 

von Anzahl und Auswahlverfahren der Tiere auf das Ergebnis von Versuchen, die die Bewertung 

von verfügbarem P als Ziel haben, ausgewertet werden. Die Ergebnisse zeigten, dass die Anzahl 

und Auswahlmethode der Tiere die Ergebnisse dieser Versuche beeinflussen können. Es war 

anhand der Daten jedoch nicht möglich, ein spezifisches Auswahlverfahren zu empfehlen.  

Die Berechnung von Heritabilitäten und genetischen Korrelationen zeigte die grundsätzliche 

Eignung von Knochenasche-Daten als Hilfsmerkmal für die Züchtung von Geflügel mit einer 

höheren P-Effizienz. Als besonders vielversprechend erwies sich dabei die absolute Menge an 

Fußasche.  

Knochenasche-Daten sind ein sehr nützliches und einfach zu ermittelndes Merkmal für die 

Ermittlung der relativen Bioverfügbarkeit von P. Die Untersuchungen, die im Rahmen dieser 

Dissertation durchgeführt wurden, zeigen jedoch die Bedeutung einer gewissenhaften 

Methodenauswahl. Ein standardisiertes Verfahren wäre hilfreich, um aussagekräftige und besser 

vergleichbare Schätzungen der relativen Bioverfügbarkeit von P zu erhalten. 
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