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Abstract 
As feed grade L-valine has become common place in broiler diets in the U.S., new feed formulation 
challenges have arisen.  Posed as questions, some nutritionists are asking: As L-valine enters 
formulation more pressure is placed on arginine, what is the arginine to lysine ratio needed to sustain 
good performance in modern broilers; and, as L-valine enters formulation in finishing stages, protein 
is reduced and leucine increases, what is the maximum leucine to lysine ratio one should allow in 
formulation?  These proceedings are concerned with the later question. 
In addition to reviewing the literature and presenting recent research on the branched-chain amino 
acids (BCAA), a meta-analysis conducted on publications with Cobb and Ross birds is presented.  
Results indicate that the classical interaction observed among BCAA can be practical, and that strain 
variation in the antagonism response exists.   
 
Past literature 
In the 1940’s multiple laboratories determined the essentiality of the BCAA in poultry (Almquist and 
Grau, 1944; Hegsted, 1944), in addition to determining BCAA poultry requirement estimates (Grau 
and Peterson, 1946; Almquist, 1948).   
Quality assessments of protein meals for poultry diets in sesame meal (Fisher et al., 1960) and herring 
solubles (Laksesvela, 1960) allowed for early observations that the dietary additions of leucine could 
depress chick growth.  Subsequently thereafter in the abstract of Mathieu and Scott (1968), the 
growth depressing ability of dietary leucine in chicks was exacerbated when dietary valine and 
isoleucine were limiting.   
Quantification of the BCAA interactions in chicks was published in three papers by D’Mello and Lewis 
(1970a,b; 1971).  In the first paper, D’Mello and Lewis (1970a) conducted five experiments that 
demonstrated the growth depressing effect of leucine, and concluded that the antagonism of leucine 
on valine needs may be the most significant.  Dose responses of the BCAA were assessed and it was 
determined that for each percentage increase in dietary leucine that the requirement for valine and 
isoleucine increased by 0.218 and 0.121, respectively (D’Mello and Lewis; 1970b).  Thus, the second 
paper again validated that the valine:leucine interaction is the strongest.  The final paper of D’Mello 
and Lewis (1971) validated the first two by reproducing the growth depressing effects of excess 
leucine, but also demonstrated that excess leucine increased feed conversion in birds without 
affecting feed intake, indicating a metabolism issue with high dietary leucine. 
Thereafter, work on the BCAA antagonism varied as some research groups validated dietary 
interactions (Allen and Baker, 1972; Calvert et al., 1982), whereas other did not (Farran and Thomas, 
1990; Barbour and Latshaw, 1992; Burnham et al., 1992; Waldroup et al., 2002).  And it has not been 
until recently that renewed interest in the BCAA antagonism has gained attention. 
 
Recent investigations 
Interactions of valine and leucine were repeated in work by Ospina-Rojas et al. (2017) for both body 
weight gain and feed intake.  Valine and leucine requirement estimates to lysine were 0.83 and 1.11, 
respectively, for body weight gain, but increases in leucine for feed intake required the increase of 
valine as well (Ospina-Rojas et al., 2017).  Work from this laboratory using a three-factor central-
composite, rotatable design to assess BCAA needs in growing broilers from 1 to 14, 14 to 28, and 28 



to 42 d feeding periods demonstrated significant BCAA interactions for body weight gain and feed 
conversion, and requirement estimates are presented (Table 1).  Kidd et al. (2021) conducted a three 
level (− 1, 0, + 1), three-factor Box-Behnken experiment to assess dietary BCAA ratios of lysine to valine 
(65, 75, and 85), isoleucine (58, 66, and 74), and leucine (110, 130, and 150) in both male and female 
Lohman Indian River broilers from 22 to 35 d of age (Figure 1).  BCAA interactions occurred in female 
broilers indicating that as leucine is increased isoleucine is needed to retore feed conversion, body 
weight, and breast meat yield responses (Kidd et al., 2021).  Maynard et al. (2021) conducted a similar 
design to assess BCAA interactions in Cobb 500 male broilers from 15 to 35 days in experiment 1, and 
then valine, isoleucine, and glycine in experiment 2.  Interactions occurred in experiment 1.  A linear 
increase in feed conversion was noted with increasing leucine, and BCAA interacted for breast meat 
yield, which was primarily a result of increasing valine, which decreased yield (Figure 1).  Kriseldi et al. 
(2022) conducted a full factorial BCAA central composite design from 20 to 34 days of age.  Leucine 
was increased as a ratio to lysine from 1.10 to 1.85 and decreased live performance upon its increase, 
whereas valine:lysine and isoleucine:lysine that resulted in good liver performance at low leucine were 
0.79 and 0.66, respectively.  Regarding breast meat yields, however, increasing leucine improved 
yields and increasing isoleucine:lysine from 0.66 to 0.68 was required to do so (Kriseldi et al., 2021).   
 
Meta-analyses 
Interactions in the meta-analysis indicated that Cobb and Ross strains responded similarly to feed 
intake in terms of diets with increased leucine to lysine of 1.10 to 1.25, but opposite feed intake 
responses as leucine to lysine ratios increased from 1.45 to 1.60 (Figure 2).  Furthermore, increasing 
the leucine:lysine from 1.05 to 1.35 in Cobb birds increased breast meat yield and was dependent 
upon increasing isoleucine:lysine; however, the Ross bird response was opposite (Figure 3).  It must 
be pointed out that this comparison was on much lower leucine levels required to see improved 
broiler meat yields from the work of Kriseldi et al. (2022).  Both strains did respond to isoleucine 
improving breast meat yield when leucine to lysine was compared at 1.45 or 1.60.  Indeed, an 
understanding of the BCAA interactions requires assessing strains and diets (e.g., leucine levels) 
relative to those in practice, and three-way factor BCAA assessments as dietary treatments. 
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Table 1. Branched-chain amino acid requirement estimates adapted from Ospina-
Rojas et al. (2020). 
 Digestible Ratio to lysine 
Growing period lysine (%) Valine Isoleucine Leucine 
Body weight gain 
1 to 14 d 1.24 77 68 107 
14 to 28 d 1.13 73 66 109 
28 to 42 d 1.04 74 65 112 
Feed conversion 
1 to 14 d 1.24 76 70 110 
14 to 28 d 1.13 73 66 109 
28 to 42 d 1.04 74 67 111 
 

 

 
  



Figure 1. Influence of branched-chain amino acid supplementation on feed conversion, body weight 
gain, and breast meat yield of Cobb 500 male (left) and Lhoman Indian River female broilers (right).  



 
Figure 2. Feed intake of Cobb and Ross broilers from peer review manuscripts published from 2000 
to present.  Predicted least square means were used in meta-anlaysis data to assess strain trends at 
1.10, 1.25 (Left), 1.45, and 1.60 (Right) digestible leucine to lysine ratio.  Projections are to assess 
strain response differences to the branched-chain amino acids, and are not intended to suggest 
strain differences in yield. Estimates for low Leu levels (Left) are: Cobb intercept, Ross intercept , and 
Leu coefficient at P<0.0001.  Estimates for high Leu levels (Right) are: Cobb intercept, Ross intercept 
, Common Ile, Cobb Leu, and Ross Leu at P<0.01. 
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Introduction 
Recently, a series of four crude protein (CP) reduction studies was conducted under commercial and 
large scale conditions in Germany [1,2]. In these trials, CP was reduced by 0.3%-points (weighted 
average CP across all phases; WACP), 0.7%-points, 1.1%-points and, 1.5%-points compared to a 
commercial standard (Table 1). 
 
Table 1:  Crude proteina (%; CP) and weighted average crude protein (%; WACP) level of 
standard and experimental feeds in phase feeding programs  

 Trial 1b Trial 2c Trial 3d Trial 4e 
 Standard CP-

reduced Standard CP-
reduced Standard CP-

reduced Standard CP-
reduced 

Phase 1 21.6 21.6 22.8 22.9 22.3 22.3 21.9 21.9 
Phase 2 20.6 20.1 21.0 20.3 21.2 20.6 20.1 19.5 
Phase 3 20.1 19.9 20.2 19.5 20.9 19.4 20.1 18.4 
Phase 4 19.3 18.8 19.1 18.4 19.1 18.7 18.7 17.2 
Phase 5 17.9 17.5   
WACP 19.9 19.6 19.8 19.1 20.0 18.9 19.9 18.4 

a analysed according to Dumas b phases: day(d)1-d10-d20-d25-harvest; c phases: standard d1-d10-d20-
d25-harvest, experiment: d1-d10-d20-d25-d38-harvest; d phases: standard d1-d10-d20-d25-harvest, 
experiment: d1-d10-d20-d25-harvest, however, in last phase finisher 1 and finisher 2 diets were 
blended with daily changing proportions; e phases: d1-d10-d17-d28-d34, use of free Gly as non-
registered, conditionally essential amino acid. 
 
Details on experimental set-up can be found in Lemme et al. and Fenske et al. [1,2]. In brief, a farm 
with 10 barns (1800 m2; 23 birds/m2; four feeding lines; 6 nipple drinker lines) with about 42,000 
mixed-sex broilers each was used for trials 1, 2, and 3 allowing for two treatments with five barns. 
Day-old chicks were placed at the same day in all 10 houses of the farm while broilers were harvested 
at a first thinning at day 29 (~ 1500 g/bird) and a second thinning at day 34 (~ 2000 g/bird). The main 
crop took place at days 41-42 (~2700 g/bird). While in crop 1 and 2 about 16% each of overall produced 
liveweight was harvested, 67% of overall liveweight production was harvested at the main crop [2]. 
As outlined in Table 1, standard procedure on farm comprised four feeding phases whereas in trials 2 
and 3 a finisher 2 diet was introduced and fed either in a separate phase (Trial 2) or blended with 
finisher 1 at daily changing proportions (Trial 3). Trial 4 was conducted in a pen facility as the use of 
glycine for balancing the amino acid profile in the low protein treatments was not in line with 
European legislation [2]. In this trial 5 pens with 250 mixed-sex broilers each were available per 
treatment. 
In all trials, wheat-corn-soybean meal-rapeseed meal-based diets were formulated according to 
commercial practice. Only in Trial 1 4.8 to 9.0% peas were used [2]. About 5, 10 and 12% (7, 12 15% 
in Trial 4) unground wheat were included to support gut health. While standard diets contained DL-
Met, L-Lys sulphate, L-Thr, and L-Val for balancing the amino acid profile, experimental grower and 



finisher diets also contained L-Ile and L-Arg and, in Trial 4, Gly [1,2]. Intended dietary amino acid levels 
in all diets and batches were well confirmed by analysis although for trial 4 some deviations from 
intended levels were observed [1,2]. 
The results of these trials suggested that dietary CP can be reduced by up to 1.5% under German 
commercial conditions without compromising performance. This is remarkable as already standard 
feeds allowed for high performance and nitrogen utilization especially when compared with an 
international ranking [3]. Moreover, trials consistently demonstrated positive impact on footpad 
health and, thus, on animal welfare [2,1]. 
The aim of this paper is to report the impact of the dietary CP reduction on various aspects relevant 
in the discussion on sustainability. Special focus will be put on nitrogen utilization and excretion, use 
of soybean meal, impact on global warming, acidification, eutrophication, land and water use. 
 
Nitrogen 
Nitrogen (N) emissions are of concern in Germany as  nitrate concentrations in ground water were > 
50mg/l in 27% of the monitoring points, 95% of ammonia emissions and 75% of the N-depositions into 
surface water originate from agriculture [4]. Although N-excretions from broilers in Germany account 
for only 0.6% of global N-excretions, Germany and other central European countries belong to 
hotspots of N2O and NH3 emissions and also of NO3- output by animal production [3]. Monitoring for 
Lower Saxonia, the German state where the trials were conducted and which represents an area with 
high animal production density, reported a slightly negative N-balance for 2020/21 meaning that 
excess N-output could be stopped and N can completely been utilized by crop farming [5]. Chamber 
of Agriculture of Lower Saxonia reported a 6% drop of N-output since 2016 while poultry population 
declined by only 1.4% in the same period suggesting an improved N-utilization in 2020 [5]. Indeed, a 
decline of WACP in broiler feed from 20.8% in 2000 to 19.3% in 2020 was reported by the German 
Feed Association, resulting in a 35% decrease of N-excretions per kg live weight [6]. Accordingly, N-
utilization for body weight was 60% in 2020 and it was speculated that it would increase to 65% by 
2030. An N-utilization of 60% in German broiler production is confirmed by Uwezeye et al. [3]. While 
broilers are known as most efficient N-converters in animal farming [7,8], Germany is on top of the 
international ranking [3]. 
However, although the entire N-output from poultry accounts for 13% of overall N-output in Lower 
Saxonia, there are still counties within Lower Saxonia with up to 45 kg/ha positive N-balance and those 
areas are characterized by high poultry production [5]. Therefore, further improvements in N-
utilization are required if meat production shall be maintained.  
 
Table 2:  Average final body weight (g/bird, FBW), average feed conversion ratio (kg/kg, FCR) 
and nitrogen utilization (in % of intake) of commercial broilers fed different levels of dietary protein. 

 Trial 1x Trial 2 Trial 3 Trial 4 
 Standar

d 
CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

WACP 19.9 19.6 19.8 19.1 20.0 18.9 19.9 18.4 
FBW y 2344 2328 2320 2330 2278 a 2372 b 2355 2349 
FCR 1.52 1.50 1.54 1.55 1.54 1.52 1.48 1.47 
N-utilization z 61 a 63 b 60 62 61 a 65 b 64 a 69 b 

x Within trial differences with p<0.05 are indicated by superscripts (a,b)  y for trials 1, 2, 3 final body 
weights are weighted averages of three crops z N-utilization assumes 30 g N/kg body weight  
 
As shown in Table 2, dietary N-reduction did not negatively impact body weight development or feed 
conversion ratio. It is concluded that performance can be maintained on high level. However, N-
utilization, which was based on analysed N-intake and an assumed average N concentration of 30 g/kg 
body weight (own analysis within this project and [9]), could be increased by up to 5 %-points with 
dietary CP reduction. Accordingly, the proposed N-utilization of 65% for 2030 [6] is already achievable 



under current commercial production conditions. Apart from the reduced N-excretions, also a reduced 
water consumption and reduced litter weight was observed in N-reduced treatments [2,1]. Question 
about the potential of further dietary N-reduction without compromising performance rises. Based 
on a literature review, Woyengo et al. recently proposed that CP levels can be reduced to 19% in 
starter diets (1-21 days) and  17% in finisher diets (22-42 days) when considering digestible Lys, Met, 
Thr and Val [10]. Considered studies were not necessarily benchmarked with expected performance 
levels (like [11]) and while we would not agree to reduce CP to 19% during first 10-12 days, 17% in 
finisher feeds appear feasible under today’s production conditions (Trial 4). However, we had to 
balance all essential amino acids including glycine equivalents. Woyengo et al. see potential for further 
reduction to 18% and 16% in starter and finisher diets, respectively, if also further amino acids would 
be considered [10]. Indeed a few experiments suggest that e.g. CP can be reduced to 16.5% in corn-
based diets without compromising performance in broiler from 7-35 days of age although increased 
abdominal fat deposition was reported [12,13] while it remains unclear why they struggled to maintain 
performance at low CP with wheat-based diets [14,12,15,16]. However, these diets were using a large 
range of free amino acids and were conducted in well controlled, small scale cage systems. Still, these 
studies may indicate the potential for CP reduction. The reported N -utilization ranged from 69% to 
78%. Also, other multi-phase N-reduction studies suggested N-utilization between from 68 up to 78% 
with WACP of 17.3  to 16.1 % being about 1 to 2 %-points lower than tested in Trial 4 but also using 
the full range of supplemental amino acids [17–19].  The latter N-utilization values correspond to 
potentially available N-utilization (PAN) from 84 to 96% probably indicating the maximal N-utilization 
without compromising performance, as some 5 to 10% of PAN would be needed for maintenance 
purposes [11]. 
 
Soybean meal  
The use of soybean meal (SBM) in animal nutrition is in discussion as especially products originating 
from Latin America are related to deforestation of rainforests. Therefore, Germany and other 
European countries signed a declaration to support and target zero net deforestation [20]. FEFAC, the 
European Feed Manufacturers’ Federation, released soy sourcing guidelines for the members to move 
the industry towards this goal [21]. However, in 2020 about 57% of the domestic SBM consumption 
in Germany was defined as “conversion-free” according to the FEFAC definition whilst on 37% of the 
consumption was certified [22]. Therefore, use of non-certified soy products is still high which also will 
have implications on sustainability aspects (see below).  
The commercial trials demonstrated that already a moderate reduction of WACP by 0.3 or 0.7% allows 
for 10% reduction in SBM inclusion (Table 3). However, further decrease of WACP reduced SBM 
inclusion by 34% in Trial 4 which appears remarkable. Indeed, Selle et al. even indicated a potential of 
even 66% but refer to standard diets with 33% SBM [23]. 
 
Table 3:  Average weighted soybean meal inclusion (%) and relative (Standard = 100) in broiler 
diets used in trials 1, 2, 3, and 4 

 Trial 1x Trial 2 Trial 3 Trial 4 
 Standar

d 
CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

WACP 19.9 19.6 19.8 19.1 20.0 18.9 19.9 18.4 
Soybean meal 20.4 18.5 23.6 21.2 22.1 18.3 22.1 14.6 
relative 100 91 100 90 100 83 100 66 

x diets contained field peas as protein source thus reducing inclusion of soybean meal  
 
Sustainability indicators 
Various sustainability indicators were evaluated. While recently the global warming potential (GWP) 
of the functional unit “ton of feed” was calculated by multiplying ingredient inclusion levels with GWP 
figures provided by GFLI (Global Feed Lifecycle Assessment Institute) [1], respective data base was 



meanwhile updated and our analysis refers to “ton of carcass weight” this time. The most recent GFLI 
data base (GFLI v2) was used as well as certified calculation methods by using Opteinics® (Version 
2.0.6) which is a digital solution offering dynamic environmental footprinting and life cycle assessment 
(LCA), respectively. [24]. Details on diet formulations (ingredient composition, analysed CP of diets) as 
well as on broiler performance (body weight gain, feed conversion ratio, mortality) were entered into 
Opteinics®. A German scenario was defined as feed manufacturing, origin of grains and rapeseed 
products originated from Lower Saxonia whereas soybean meal and oil originated from Brazil. 
Sustainability impact factor values were available for DL-Met, L-Lys, L-Thr, L-Trp and L-Val. In case of 
L-Ile and Gly, figures from L-Val and in case of L-Arg figures from L-Trp were used as best guess.  For 
all other input options, e.g. energy mix for feed manufacturing or animal housing, default values by 
Opteinics® were used. Regarding manure management, litter was assumed to be waste assuming 
application to an already nutrient overburden land. 
Global warming potential of standard treatments varied between 3717 and 3939 kg CO2/t (Table 4). 
This variation is mainly explained by feed ingredients. However, proportion of contribution by feed 
ingredients to overall GWP was 71% in all trials. Within diet composition, SBM was the major 
contributor to GWP accounting for 58-62% of all ingredients. Soybean oil accounted for 9-11%, 
respectively. In Trial 1 contribution of SBM to GWP (58%) was slightly lower compared to the other 
standard treatments due to using field peas as protein source.  
 
Table 4:  Global warming potential (kg CO2 equivalents), acidification potential (mol H+ 
equivalents), terrestrial eutrophication potential (mol N equivalents), Water use (m3 water), and land 
use (index *103) per ton of broiler carcassa determined for the treatments of Trial 1, 2, 3, and 4. 

 Trial 1 Trial 2 Trial 3 Trial 4 
 Standar

d 
CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

WACP 19.9 19.6 19.8 19.1 20.0 18.9 19.9 18.4 
Global 
warming 3739 3591 3928 3859 3939 3573 3717 3357 

Acidification 62.2 59.3 60.9 60.6 66.1 60.7 59.9 54.7 
Eutrophication 254 240 249 246 272 247 245 218 
Water use 730 733 730 730 774 779 701 694 
Land use 291 275 291 284 293 266 274 235 

a determined with Opteinics®  
 
Dietary CP reduction basically decreased GWP per ton of carcass especially in Trial 3 (-9%) and Trial 4 
(-10%).  This effect is mainly attributable to lower SBM inclusion and, to a much lesser effect, soybean 
oil inclusion. It should be noted that body weight gain, and thus carcass weight, was higher with CP 
reduction in Trial 3 (see Table 1) and while the reason for this effect remains unclear, introduction of 
blending finisher 1 with finisher 2 diets at daily changing proportions might have allowed to be closer 
to the daily changing nutrient requirements of broilers. The WACP levels achieved in Trial 4 are similar 
to an earlier desktop LCA for European broiler production conducted by Evonik suggesting a 14% 
reduction with CP reduction [25]. The outcome of that study was related to one ton of live weight, but 
the similarity of the magnitude of response to CP reduction in Trial 4 is remarkable (400 kg CO2) [25].  
However, as targeted by the German government and the feed industry [21,20], deforestation free 
SBM shall be used exclusively for animal feed in future. Moreover, it is in use to certain extent already 
today [22]. Considering deforestation free SBM in Opteinics® instead of conventional SBM, which 
carries a land use change (LUC) burden, impacts GWP of broiler production (Table 5). GWP per ton of 
carcass declined by 39% in standard diets of trials 3 and 4 being similar to previous LCA calculations 
[26]. This general effect was more than twice than investigations by Leinonen et al. [27] and might be 
explained by higher SBM inclusions in grower 2 and finisher diets. Comparing the European scenarios 
with the North American scenarios, which basically differ in LUC as it is considered very little for North 



American SBM, revealed a GWP for North American broiler production about 40%  [25], or even less 
[26], as high as for Europe. On the other hand, reduction of SBM due to dietary CP reduction had no 
further beneficial effect on GWP anymore in the deforestation free SBM scenarios. Even the contrary 
can be observed for Trial 4 and the majority of this effect is explained by high use of supplemental 
amino acids (with uncertain footprints for some of them) being in line with previous LCA [26,25].  
It is concluded that the GWP per ton of carcass can be reduced by about 10% with WACP reduction of 
1.1 to 1.5% under already efficient German production conditions. However, this effect disappears 
with using deforestation free SBM because the burden of LUC in the calculations is reduced. The latter 
is also reflected in the land use index (LUI, Table 4). The LUI was rather constant between 290,723 and 
293,488 with standard diets of the large-scale trials 1, 2, and 3, while it was 274,469 with standard 
diets in trial 4. The latter might have been influenced by the younger final age of the birds. However, 
reduction of dietary CP in trials 3 and 4 reduced LUI by 9 and 15% when using conventional SBM. When 
using deforestation free SBM, LUI declined by 26% in both standard treatments of trial 3 and 4, 
whereas CP reduction then further reduced LUI by only 4% (Trial 3) and 8% (Trial 4). 
 
Table 5:  Impact of using certified or non-certified soybean meal (SBM) on global warming 
potential (kg CO2 equivalents), acidification potential (mol H+ equivalents), terrestrial eutrophication 
(mol N equivalents), Water use (m3 water), and land use (index *103) per ton of broiler carcassa in 
Trials 3 and 4b 

 Trial 3 Trial 4 
 Deforestation  Deforestation free  Deforestation  Deforestation free  
 Standar

d 
CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

Standar
d 

CP-
reduced 

WACP 20.0 18.9 20.0 18.9 19.9 18.4 19.9 18.4 
Global 
warming 3939 3573 2418 2420 3717 3357 2283 2419 

Acidification 66.1 60.7 65.9 60.7 59.9 54.7 59.8 54.6 
Eutrophication 272 247 271 247 245 218 244 217 
Water use 774 779 764 737 701 694 692 688 
Land use 293 266 218 208 274 235 203 188 

a determined with Opteinics™ b only the definition of soybean meal was changed in Opteinics™  
 
The effects on acidification potential (AP) and terrestrial eutrophication potential (tEP) need different 
explanation compared to GWP (Table 4). Indeed, there was some variation between standard 
treatments. The largest treatment effects occurred with high WACP reduction in trials 3 and 4 (-8 to-
9% for AP; -9 to -11% for tEP) and the main reason for these effects were due to reduced ammonia 
emissions from animal housing, manure storage and manure spreading. This can clearly be assigned 
to improved N-utilization and respective reduced N-excretions by treatments. Particularly outcome of 
Trial 4 confirms Stubbusch et al. who reported improvements of 12% and 11% for AP and EP with 
WACP reduction of 1.5% [25]. However, when only considering feed ingredients for sustainability 
assessment as done previously [1], the positive impact on AP and tEP cannot be identified. Due to the 
above, replacement of conventional SBM by deforestation free SBM, did neither impact AP and tEP in 
general nor the impact of protein reduction in particular (Table 5). This mechanism is confirmed by 
others [26,25]. 
The water use was not affected by dietary protein reduction (Table 4) and by use of deforestation free 
SBM in Trial 4. However, in Trial 3 CP reduction with deforestation free SBM reduced water use per 
ton of carcass slightly by 27 m3 (4%). 
 
Summary and conclusions 
Four broiler feeding trials were conducted to demonstrate feasibility of dietary CP reduction up to -
1.5% under German commercial production conditions. While in all trials, protein reduction did not 



negatively impact production key performance indicators, N-utilization of the commercial standard 
diets was high confirming the leading position in international rankings. With CP reduction, N-
utilization could significantly be improved up to 69% reducing N-excretions at the same time. Protein 
reduction allowed to reduce SBM inclusion by up to 34% which decreased the GWP by 10% if non-
certified SBM is assumed. Using deforestation free SBM instead would generally reduce GWP by 39% 
but dietary CP reduction would then not have further benefits in this scenario. Protein reduction 
reduced AP and tEP by up to 11% which was not affected by the choice of SBM. Therefore, 
considerable effects on N-emissions and related effects on sustainability impact factors can be 
achieved in broiler production which is already efficient today. 
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Stress, Hypoxia on Broiler systemic inflammation and meat quality. 
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We will explain how Stress induces in many cases Hypoxia, and how that triggers Inflammation with 
an impact on welfare, performance, and productivity. 
Stress was defined in 1926 by Selye as: “the physiological adaptive responses to perceived 
(psychological) or real (physical) threats (“stressors”) to an organism”. 
In general, everything that sets us apart from our natural physiological balance can be defined as 
stress. 
There are many different types of stress, such as the four “P”: 
Pathological, Psychological, Physiological and Pharmacological. 
But all of them, have something in common: when they are acute enough or persistent in time, they 
tend to damage our tissues in specific sites, that later can cascade into systemic implications. 
 
In general, we are well protected by the epithelial tissues. Think for example of the skin, with many 
different layers of cells, difficult to penetrate. 
Nevertheless, in many places we need to allow exchange of substances between one side and the 
other of the epithelial tissues, and that doesn’t allow us having more than one single layers of cells. 
Typical example of this is the respiratory tract, in which we need to facilitate the removal of CO2 and 
capture of Oxygen. 
Another paradigmatic example could be the intestinal mucosa, where we need to be extremely 
selective, allowing the penetration inside us of just the nutrients, but not other substances, such as 
bacteria or fragments of them (LPS, Proteoglycans, etc) that could be extremely deleterious for our 
cells and systems. These are by definition, antigenic molecules. 
But also think of the capillary network, that should allow the traffic of oxygen to every cell in our 
body, another monolayer epithelial example. 
Inevitably, all these monolayer tissues are anatomically “weak” and very sensitive to stress effects, 
that will cause disruption in them, favoring permeability in zones where there should be none. 
 
When these “weak points” are disrupted by stress conditions, we have a problem, because 
potentially damaging molecules will penetrate inside us, causing an immune reaction called 
“Inflammation”, that can be either local or systemic. 
Zhang and Kaufman published in Nature in 2008 a very elegant, in my view, definition of 
Inflammation: 
“Inflammation is the first response of the immune system to infection or tissue injury, leading to 
protection of the body against these insults”. 
That implies that when there is cell suffering or tissue damage, we will have inflammation. 
And it will be linked to the innate immune system.  
So, inflammation and innate immune system activation are synonyms. 
But remember that this innate immune activation is very costly on nutrient utilization, so it will 
impact not only the welfare, but also the performance and financial results. 
That means it’s in our best interest to avoid as much as we can stressful conditions that could lead to 
inflammation. Then, we are talking welfare. 
 
How does Sterile Inflammation work?  
When we think of inflammation, bacteria or viruses come to our mind. However, most of the 
systemic inflammation is related to factors not involving infectious agents in the first place, but with 



lack of Oxygen or if you prefer, Ischemia and Hypoxia.  
To understand the concept let’s think of a very common stress: Heat stress. 
But first, allow me to consider the opposite… Cold stress.  
Sure, you have seen climbers with black fingers that finally need to be amputated. This is due to a 
lack of oxygen in the periphery of the body, due to a blood flow redistribution.  
Remember we have about 8% of our weight in blood, so the volume is constant. 
To keep us alive, when there is extreme cold outside, the blood comes from the periphery (fingers) 
into our core and viscera, leaving no remaining blood (oxygen) in the fingers. 
Now think about the reverse, that is Heat Stress. 
Under heat stress, the body will redistribute the blood exactly in the opposite direction, that means 
that it will migrate to the periphery to irradiate heat to the environment, leaving the tips of the 
intestinal villi without blood-oxygen. 
Cheng et al (2018), showed that the intestines can go from 25% of the body blood content in normal 
temperature conditions to just 5% under heat stress. 
Therefore, the hypoxic tip of the villus will start suffering an anatomical disruption, and antigens will 
enter from the lumen straight into the blood. This is called Endotoxemia or Bacteremia (Sepsis), 
depending on what comes into us. It may be just fragments (LPS or Endotoxins) or whole bacteria. 
Believe or not, the intestinal cells remain sealed to each other by just a tiny protein complex, called 
Tight Junctions, and this is the only structure that guarantees a lack of permeability between one 
enterocyte and the next one (similar to a biological ‘Velcro’). 
In other words, when there is stress, we increase antigen leakage from the lumen into us (Leaky gut), 
and then we have a serious problem. 
And this hypoxia may happen due to different types of stress, not only heat stress. 
For example, psychological stress increases leaky gut. 
Stress induces production of adrenaline that has a vasoconstriction effect on the mesenteric blood 
vessels, and now you know the consequences of that à Intestinal Hypoxia à Leaky Gut à 
Endotoxemia or Bacteremia à Health & Performance consequences. 
Furthermore, when endotoxins or bacteria leak trough the disrupted Tight Junctions, they go 
through the portal vein into the liver, where they are detected by the receptors on the surface of the 
immune cells lining the hepatic sinusoids, the Kupffer cells (specialized liver macrophages). 
Immediately these cells start sending the alarm signal and secrete pro-inflammatory molecules, such 
as the cytokines. That is, we get liver inflammation that when lasting too long, develops Fatty Liver 
Disease and even Cirrhosis (the broilers don’t have time for that). 
 
Another potential inflammatory mechanism at cellular level is when the cells are directly under 
hypoxic conditions. 
Then they try to live producing energy with no oxygen recurring to anaerobic glycolysis (Pasteur 
effect), that leads to a very high production of lactic acid but also Reactive Oxygen Species (ROS or 
Free Radicals). 
When the production of ROS is so high that cannot be tackled by the cell, it will trigger a controlled 
suicide, called Apoptosis. 
Even just by damaging the cell membrane, ROS can facilitate intracellular contents to leak out to the 
extracellular milieu. These intracellular substances will be identified as “abnormal” by the receptors 
of the immune cells that will start releasing “alarm signals” that will help orchestrate the systemic 
inflammatory reaction (SIRS), one of the main killers of humans in hospitals. You can also refer to 
this as a “cytokine storm” when it spirals out of control, as it’s the case in Covid affecting elderly or 
immune deficient people. 
 
Some direct consequences on Carcass and Meat quality of hypoxic induced inflammation: 
 
1. Fatty Liver 



2. Bruises and Hematomas 
3. Breast Meat Yield reduction 
4. Woody Breast 
5. Green Muscle Disease 
6. Acidic Meats (PSE) 
7. DFD Meats 
 
Fatty Liver: Mentioned before. The thought was that this was a pathology related to high fat diets, 
but today we know it’s more related to leaky gut, penetration of endotoxins through the portal vein 
and chronic liver inflammation. So, it is related to stress. 
During different years, there were surveys conducted in the UK (Russ, 2015) with more than 166,000 
people involved. 
There was a significant correlation between psychological stress in humans and fatty liver (NASH or 
Non-Alcoholic Steato-Hepatitis). 
Psychological stress à Catecholamines production à Mesenteric vasoconstriction à Intestinal 
Hypoxia à Tight Junctions disruption à Endotoxemia à NASH?. 
Just remember that catecholamines (Adrenaline) are produced at the adrenal medulla gland, as a 
“fight or fly” response. 
They basically redistribute the blood to wherever it will be needed, such as the muscles, but 
removing it from the splanchnic area (Meier Hellmann, 2000). 
 
Bruises and Hematomas: As we said before, capillary network is a monolayer epithelium, and as 
such, sensitive to stress. It doesn’t come as a surprise then that after a period of heat stress (for 
example) we see an increase in the amount of carcass bruises, due to a higher vascular fragility level. 
If there is an increase in endotoxins penetration (leaky gut), there will be systemic inflammation and 
certainly an increased vascular fragility. 
So, intestinal hypoxia, may induce the problem. 
A good quality Zinc complex could help in reducing wing hematomas. 
 
Breast Meat Yield Reduction: Unfortunately, breast yield is probably the first victim of stress, so pay 
attention to this problem that can be very expensive. 
When there is systemic inflammation, the signaling molecules (i.e., cytokines and others) reach the 
Hypothalamus. This nervous structure will give orders (indirectly, through the pituitary gland) to the 
liver to stop producing normal hepatic proteins (i.e., Albumin) and start to produce the so-called 
Acute Phase Proteins (i.e., CR Protein, Hepcidin and others). The liver, accordingly, increase its size 
about 6% and starts demanding a huge amount of new amino acids, that you know where will come 
from? From the degradation of proteins in the breast. 
In short, stress reduces breast meat yield. 
 
Woody Breast: according to Petracci and Soglia, muscle fiber diameter of the new meat genetic lines 
is longer than in older genetics. 
As the capillary bringing oxygen to the center of the fiber (located in the periphery of the fiber) is 
farer away, in some cases the oxygen is not reaching the muscle cells and this causes the apoptosis 
and subsequent replacement of these muscle fibers by collagen based tissues (fibrosis), that give a 
harder texture to the muscle. 
 
Green Muscle Disease (Oregon Disease or Deep Pectoral Myopathy): The Pectoralis Minor (tender) 
is constrained between the sternum and the powerful Pectoralis Major (specially in new meat 
genetics). That means that it cannot contract and expand as it needs. 
Nevertheless, this muscle is pivotal in flight as it elevates the wings. 
When there is flapping and we need this muscle activity, there cannot be enough blood-oxygen flow 



into the muscle cells that become hypoxic and dye. 
The necrotic tissue, becomes red dark at the beginning and after 2-3 days, becomes green giving the 
name to the pathology.  
It's a typical lesion of thinning farms. 
 
Acidic Meat (PSE, Pale Soft and Exudative): After the bird dies, there is no more oxygen available to 
the cells. 
To stay alive, cells must produce energy in anaerobic glycolysis conditions.  
But this pathway is much less efficient in terms of ATP produced and at the same time, more 
undesirable byproducts are produced, such as Lactic Acid (lower pH) and ROS. 
Lactic acid production will accelerate when the body temperature is higher. Every single lower pH 
unit multiplies protein enzymatic degradation by 12-fold (Offer, 1991). 
ROS will destroy as well tissues and cell membranes, decreasing WHC (Water Holding Capacity), 
providing the muscle with a paler discoloration, drip loss and much softer texture, known as PSE 
meats. 
Acidic meats happen when body temperature is high enough to increase enzymatic protein 
degradation speed, but also when there are abundant glycogen reserves in the muscle (short fasting 
period). 
Metabolically speaking, white muscles (breast) are more sensitive to PSE meat than red meat (drums 
and thighs), due to the lower oxygen supply and more anaerobic glycolysis energy dependency. 
A similar problem also happens in lean swine genetics. 
 
DFD (Dark, Firm and Dry Meat): The opposite as before. When the animal runs out of Glycogen 
reserves, due to a prolonged fasting period or to very low temperatures during transportation 
(winter period), after death, there is no remaining glucose to be transformed into lactic acid, and 
therefore, the ultimate pH is higher than the normal which should be 5.6-5.8 at 24h postmortem. 
Instead, it reaches levels around 6. 
There is no enzymatic degradation (enzymes need an acidic pH to be active) and WHC remains high, 
giving a darker discoloration of the meat. 
We have seen this problem in Russia in winter, when birds get transportation at extremely low 
temperatures. 
Remember, thermal stability of birds is not as tight as in humans. 
Broilers with fasting periods longer than 12-14 hours can also present this problem, due to a prior 
depletion of Glycogen reserves. 
 
Conclusion: Stress, in many stances induce tissular Hypoxia, that leads to Cell damage and release of 
intracellular components (Danger Associated Molecular Patterns or DAMPS) that trigger the 
inflammatory response when detected by the immune system cells. 
This inflammatory reaction will lead to carcass and meat alterations that will impact both the 
welfare of the birds and the profitability of the unit. 
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Vitamins are essential for the normal functioning of metabolic and physiological processes 
The genetic selection and breeding programs used in poultry production have focused on traits such 
as increased growth rate, feed efficiency, egg production, and egg quality. Selective breeding resulted 
in the development of highly productive layers and broilers. This genetic progress also resulted in an 
increase in metabolic rate. Modern poultry have a higher rate of protein synthesis and turnover, which 
reflects the increased demand for amino acids to support their rapid growth and egg production. In 
addition, modern layers and broilers have a higher rate of mitochondrial respiration, which is 
important for energy production and metabolic homeostasis. This increased metabolic rate is partly 
due to the increased muscle mass and tissue growth, as well as the larger internal organs needed to 
support their increased growth rate and egg production. 
 
Vitamins play a decisive role in both human and poultry nutrition. As organic catalysts present in small 
quantities in all feeds, they are essential for the normal functioning of metabolic and physiological 
processes. Vitamin requirements in animals are dynamic: they vary according to new genotypes, levels 
of yield and production systems. Inclusion of the appropriate levels of vitamins in an animal’s diet not 
only allows complete realization of its performance potential, but at the same time improves various 
aspects related to health and wellbeing, productivity and the ultimate quality of the food produced, 
be it meat or eggs. Healthier birds will produce more and healthier food. 
 
The purpose of this review is to have a critical look at the vitamin requirements of today’s high 
producing layers and broilers. Vitamin recommendations from international scientific associations 
(such as the National Research Council (NRC), and the Agricultural Research Council (ARC)) were 
developed with the object of preventing nutritional deficiencies. Some of the studies their 
recommendations are based on are more than 20-30 years old. The poultry industry of today does not 
have much in common with the industry 30 years ago. Performance parameters such as bodyweight 
and feed conversion rate have improved up to 30% in the last 30 years (around 1-2 % per year). It is 
logical to assume that nutrition programmes for commercial poultry production, including vitamin 
supplements, need to be adjusted in a manner consistent with improved management techniques and 
zootechnical performance.  
 
A simple calculation in Figure 1 shows the difference in 
feed intake to reach 3kg broiler bodyweight in 2014 vs 
2022 is 610g or 11.7%. This would imply that all vitamin 
requirements of these animals need to be increased by 
11.7% just to keep the vitamin intake per kg bodyweight 
constant over these 8 years. This 11.7% takes care only 
of the decreased feed intake per kg body weight. But 
how do we account for the added increase in 
requirements due to the increase load on the bird’s 
metabolic systems? The genetic companies are breeding 
the birds to be more efficient in the utilization of 
nutrients including vitamins. But the questions still 
remain: Are the vitamin requirements keeping up with 
the genetic progress? 



 
Addressing the poultry industry challenges of today and tomorrow 
The legacy of COVID reminds us of the scramble to increase vitamin levels for human nutrition. This 
serves as a good reference to of how vitamin requirements are working. Increased challenges bring 
increased requirements. 
 
Understanding the overlap in poultry nutrition and poultry health is essential for meeting current and 
future industry challenges like hatchability, first week mortality, disease management without 
antibiotics, reducing feed costs, and eliminating food waste. There is a growing focus on sustainable 
farming where our industry has a critical role in shaping a better world, in line with the Sustainable 
Development Goals (SDGs) agreed by the United Nations. 
 
Science, industry expertise and vitamin levels 
Testing various levels of individual vitamins could be one way to define the optimal use of vitamins in 
feed. On this topic we have over 50 papers published in the last ten years. In addition, we can find 
studies where all the vitamins were evaluated in joint trials. In one such recent trial, Garcia et al, 2022 
concluded that the supplementation of broiler diets with higher vitamin levels (compared to industry 
average in Spain), improved performance during the whole (0-42d) fattening period by reducing 
mortality and increasing weight gain and feed intake. In addition, antioxidant capacity and breast meat 
quality were also significantly improved. 

Table 1. Optimum Vitamin Nutrition® for broiler performance, Spain 2022 | Source: Gracia et al., 2022 
PSA Latin American Scientific Conference. 
 
To explain the performance improvement is complex, considering that thirteen individual minerals 
were elevated in this trial. A logical way to explain these improvements is to investigate one vitamin 
at a time, studying the functions of the vitamin in relation to plasmatic concentration and zootechnical 
performance. For this purpose, let’s use vitamin D as an example. 
 



The function of vitamin D is related to calcium and 
phosphorous metabolism as measured in bone 
mineralization. Protein synthesis and muscle development as 
measured in meat yield. And immune simulation and 
immune cell functioning as measured in mortality reduction. 
All these functions can directly be linked to the plasmatic 
concentration of 25-OH-D3, the circulating form of vitamin 
D3 in the body (referred to as vitamin D status). 
 
Sakkas 2019 in his “Reassessment of vitamin D requirements 
of modern genotypes” illustrated that increasing the vitamin 
D status in broilers, increased bone breaking strength and 
subsequently improved gait score. 
 
 
Kies 2022 compiled 15 experiments where 
bodyweight and vitamin D status in broilers 
was known and concluded that there is a 
positive correlation (P < 0.01; R2 = 0.92) 
between the two. 
 
In a search for early markers of late layer 
eggshell quality, Pampouille 2022 identified 
CTX (blood marker for bone resorption) and 
vitamin D status at 26 weeks as the most likely 
candidates. This is another clear indication 
that increasing the vitamin D status in pullets 
and layers will result in improved calcium 
metabolism in modern layers with subsequent 
improvements in shell quality towards the end 
of lay. 
 
These studies with modern genetics show clear corelations between vitamin D status, physiological 
functioning and subsequently performance. Therefore, we can conclude that the vitamin D status 
reached by applying the current vitamin D supplementation recommendations by breeding companies 
is too low. It is also clear that improving this vitamin D status will lead to performance improvements. 
 
Vitamin combinations trials 
We should not forget that vitamins are well known for their complementary catalytic roles in 
important metabolic processes with multiple interactions among them. This means that we might not 
see the full effect of increasing levels of individual vitamins for modern genetics if levels of other 
vitamins are a limiting factor. We need to better understand and quantify the effect of good levels of 
all vitamins in the same diet as it is unlikely that there is an additive effect of all the benefits seen in 
individual vitamin trials. 
 



The latest nutritional recommendations 
from Aviagen for parent stock (2021) and 
broilers (2022) were developed in this way. 
They found relevant performance 
improvements, mainly in bodyweight and 
mortality of progeny, from breeders fed a 
vitamin booster when compared to 
offspring from breeders fed their previous 
vitamin recommendations. (Table 1 and 
Figures 1-2).

 
Figure 1: Influence of breeder vitamin booster on broiler liveweight (as hatched) | Source: Aviagen 
parent stock nutrient recommendations, 2021 



 
Figure 2: Influence of breeder vitamin booster on broiler mortality (as hatched) | Source: Aviagen 
parent stock nutrient recommendation, 2021 
 
This trial by Aviagen illustrates the importance of evaluating vitamin levels in combination to benefit 
from the multiple interaction between these vitamins.  
 
Most of the poultry breeder companies have vitamin recommendation for breeders, broilers and 
commercial layers divided into the different sub-species. All these recommendations are captured in  
the recent book by Oviedo-Rondon et al 2023 (OPTIMUM VITAMIN NUTRITION for More Sustainable 
Poultry Farming). Table 2 shows some of the broiler grower recommendations as example.   

Grower 

Vitamin Unit/kg Hubbard 
2019 

Aviagen 
2022 

Cobb-Vantress 
2022 

OVN™ DSM 
Nutritional 
Products 2022 

Vitamin A IU/kg 12,500 11,000 10,000 10,500-13,100 
Vitamin D3 IU/kg 4,000 4,500 5,000 4,200-5,200 
25OHD3 mg/kg    0.069 
Vitamin E mg/kg 80 65 50 55-105 
Vitamin K mg/kg 2 3.6 3 3.2-4.2 
Vitamin B1 mg/kg 3 4 2 2.1-3.2 
Vitamin B2 mg/kg 8 8 8 7.4-9.5 

Table 2: Current recommended vitamin levels (IU or mg/kg ) for broiler grower according to genetic 
line guidelines as well as DSM recommendations. 
 
In Brief 
• Genetic progress increase vitamin requirements due to: 
o Decrease in feed intake per kg bodyweight 
o Increase metabolic rate of modern poultry 
• Studies with individual vitamins can be help us to understand physiological functions and 
subsequent performance in modern breeds. 



• Combination trials is useful to understand the effect of multiple interactions on performance 
of modern poultry. 
• Genetic companies are selecting birds based on zootechnical performance as well as nutrient 
utilization, including vitamins. Genetic companies are evaluating and adjusting vitamin requirements 
but in some individual vitamins and life stages the recommendations are still sup-optimal. 
• As our understanding of modern genetics and the interaction between vitamins continues to 
grow, so the recommendations for vitamin inclusion levels will need to be updated. 
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Introduction 
Avian urolithiasis is a metabolic condition related to kidney dysfunction or failure and may cause 
mortality and reduced productivity in poultry (El Sebaei et al., 2021a, Hicham et al., 2011). Ahmed et 
al. (2003) described urolithiasis as a renal condition that causes kidney asymmetry or atrophy and 
urolith deposits in the ureter. The uroliths found in poultry are composed of compact concentrations 
of calcium-sodium urates (Crespo and Shivaprasad, 2013) formed due to high calcium levels and 
decreased hydrogen ions in urine. Uric acid is a nitrogenous waste product excreted by birds, and 
when the renal system fails to remove the waste, it causes hyperuricemia, and the insoluble matter 
precipitates to form urate deposits (Sandhyarani et al., 2021). Therefore, urolith blockage in the ureter 
and progressive kidney damage may cause sudden death in poultry. 
Incidences of uroliths in the poultry industry have been reported since the 1960s (Shane et al., 1968). 
Urolithiasis incidences have been reported in domestic fowls (Lakkawar et al., 2018), pullets and laying 
hens (Wideman, 2016, El Sebaei et al., 2021b, Hicham et al., 2011), and male broiler breeders (Moyle 
et al., 2011). Chickens are more susceptible to urolithiasis because they are uricotelic as they lack the 
enzyme uricase (Gangwar et al., 2015). Urolithiasis has been shown to have seasonal variations in 
chickens, with high incidences in summer and winter compared to autumn (Lakkawar et al., 2018). 
Incidences of urolithiasis usually go unnoticed but may contribute to reduced fertility due to pain and 
discomfort, potentially negatively impacting mating behaviour or even result in mortalities. 
Addressing health and nutrition factors affecting chickens is crucial as this will help maximise poultry 
production that will meet market demands. 
 
Causes of urolithiasis 
Published investigations of the causes of urolithiasis are mainly on the physiological state of affected 
layer hens and the environment in the layer houses (Crespo and Shivaprasad, 2013). However, 
research on other poultry revealed similar causes and post-mortem findings. In chickens, urolithiasis 
has been associated with multiple causes, that can be infectious or non-infectious (Lopes et al., 2021). 
The infectious causes of avian urolithiasis include avian nephritis and infectious bronchitis virus (IBV) 
(Bulbule et al., 2014). Avian nephritis and infectious bronchitis are highly contagious viral diseases 
(Saif et al., 2020, Timurkaan et al., 2022). Infectious bronchitis mainly affects the respiratory system, 
although some virus strains are nephropathogenic, leading to renal damage (Awad et al., 2014). 
The nephritis virus affects the renal system and is characterised by visceral urates deposits (Bulbule et 
al., 2013). These viral diseases may affect the kidneys due to chronic viral invasion and lead to kidney 
or renal failure over time. Since young birds are particularly vulnerable to kidney damage from 
bronchitis, the initial infection may occur before renal damage and mortalities (Munuswamy et al., 
2021).  According to Timurkaan et al. (2022), broiler breeders and layers that exhibited signs of 
urolithiasis (swollen-pale kidneys and urates deposits) also tested positive for IBV. The study 
concluded that nephropathogenic IBV could cause incidences of urolithiasis in poultry. 
Non-infectious causes of urolithiasis are mainly associated with the nutritional factor of the birds. 
These include excess dietary calcium, crude protein, Ca:P imbalances (high calcium, low phosphorus), 
phosphorus deficiency, increased sodium bicarbonate in feed, vitamin A and D3 deficiency, and water 
deprivation (Sandhyarani et al., 2022). Calcium is one of the macro minerals essential in poultry diets. 
In broiler and layer diets, calcium levels and particle size increase with age to meet production levels 



and bone quality requirements. In layers, giving pre-lay feed at an early stage can result in excess 
dietary calcium. During broiler rearing, diets containing limestone in coarse form may allow birds to 
pick more of these particles, resulting in excessive calcium intake. Other managerial issues that may 
result in birds receiving excess calcium include accidental deliveries of production feed to rearing 
stocks, giving male chickens female feed and feed milling errors. 
Similarly, excess dietary protein has been shown to increase the incidences of uroliths in chickens. 
Dietary protein is given in high quantities during growth when birds build muscle and mature. 
Therefore, unlike calcium, protein requirements in broilers decrease as the bird ages. El Sebaei et al. 
(2021a) investigated the effects of induced urolithiasis caused by excess dietary Ca and protein. The 
investigation discovered that when 79-day-old Hy line chickens were fed high calcium (HC) (5%) and 
high crude protein (HCP) (25%), mortality was 16,7% and 6,7%, respectively, compared to 0% mortality 
of chickens given standard rations of Ca (1%) and protein (20%). Furthermore, the kidney lesion score 
for the treatment groups was 3 (pale kidneys with urate deposits) compared to 0 (negative) in the 
control group, as illustrated in  
Table 1. Data from El Sebaei et al. (2021a) concluded that urolithiasis signs were more pronounced in 
chickens that received a high calcium diet than a high protein diet. 
 
Table 1: Kidney lesion score and mortality (%) on Hy line chickens at day 79 fed different treatments 
of Ca and Protein diet (El Sebaei et al., 2021a) 
Diets groups 
 

Kidney lesion score 
(At day 79) 

Mortality (%) 
(At day 79) 

Control (Ca (1%) and protein (20%)) 0 0 
High Ca (HC (5%)) 3 16,7 
High crude protein (25%) 3 6,7 
Kidney lesion scores; 0: negative, 1: congested kidneys; 2: pale and swollen, 3: pale and kidney and urate deposits 

 
Furthermore, the correct Ca:P ratio is essential in broiler diets, and imbalances (particularly high 
calcium, low phosphorus) have led to urolithiasis. The renal system maintains different physiological 
mechanisms in broilers when Ca and P are in a ratio of 2:1 (Matin et al., 2013). When calcium is in 
excess, phosphorus absorption is impaired, resulting in low available phosphorus. Phosphorus acts as 
a urinary acidifier and helps prevent urolith formation, and low available phosphorus is associated 
with high urolith incidences in poultry.  
Wideman (2016) discovered that 14% of 18-week-old pullets and 51-week-old hens had urolithiasis 
triggered by feeding high calcium low phosphorus (HCLP) (Ca 3,5%:P 0,4%) diet. In this study, the 
glomerular filtration rate on pullets fed a HCLP was lower (1,25 mL/KgBW/min) compared to pullets 
on a normal calcium normal phosphorous (NCNP) (1,42 (mL/KgBW/min)). Also, urine pH was high 
(5,85) in pullets fed a HCLP diet and low (5,52) on NCNP diet. Uroliths were also found in 7,4% (10/136) 
male broiler breeders fed a commercial diet containing 16% protein, 3,25% calcium, and 0,4% 
phosphorus (Moyle et al., 2011). The findings indicated that broiler breeders develop kidney 
asymmetry and uroliths when fed a high-calcium diet. 
Water deprivation is an important factor contributing to avian urolithiasis incidences (Modesto et al., 
2022). Birds can be deprived of water due to an inadequate number of nipples, nipple drinker blockage 
and extremities of water temperature. Severe dehydration increases the water absorption rate, 
leading to a decrease in urine output. Urates may precipitate in renal tubules and ureters as uric acid 
output declines, potentially causing impaction and renal failure (Rexhepi et al., 2015). During a case 
study by Rexhepi et al. (2015), uroliths in the ureter were found in pullets from two different farms 
that experienced high mortalities (> 17%). Water access was improved for 2 to 4 weeks, and suddenly 
mortalities were reduced to normal (1.5-5%). The study suggested that dehydration contributes to the 
severity of urolithiasis. 



Excess sodium is associated with kidney stone formation in birds; because high sodium intake can 
make the urine more alkaline, and together with high levels of Ca, it can aid kidney stone formation. 
Sodium intoxication (hypernatremia) can cause stress on the kidneys as they have to work harder to 
eliminate the excess sodium (Julian, 2005). Feed contaminated with mycotoxins and excess antibiotics 
may result in toxicity. These toxins may be nephrotoxic and could lead to kidney damage. Although 
these toxins will cause alterations in kidney function, they may not necessarily cause uroliths but 
atrophy of the kidneys. Vitamin A and D3 deficiencies may contribute to incidences of urolithiasis 
when these vitamins are imbalanced or impaired due to excess calcium or other vitamins or minerals 
(Akinyemi and Adewole, 2021) 
Although other factors cause/contribute to urolithiasis, dietary or nutrition factors significantly impact 
the performance of broiler breeders. Holtzhausen and Brannan (2013) discussed the importance of 
nutrition on broiler breeders and indicated that females and males require specific nutritional needs 
for maximum production. The author further explained that female broiler breeders require higher 
calcium levels than males, and high Ca in males imposes stress on kidneys as excess calcium is 
excreted.  
Macroscopic and histological changes caused by urolithiasis 
Avian urolithiasis is a distinct condition, and clinical signs noticed in birds, like depression or 
emaciation, can be tentative as they resemble other differential diagnoses. Therefore, a laboratory 
diagnosis is required to determine if the birds suffer from urolithiasis through macroscopic and 
histologic examinations. In most literature, urolithiasis is characterised by kidney atrophy, distended 
or dilated ureters, and varying sizes of uroliths/visceral urate deposits (Morishita and Porter Jr, 2021). 
When Sebaei et al. (2022) were investigating the effects of a commercial diuretic on Hy-line chickens 
with induced urolithiasis, birds that were fed HP (25%) and HC (5%) diets had similar post-mortem 
findings. Pale, swollen kidneys with whitish, chalky urate deposits and distended ureters were 
observed among those birds, including decreased kidney weight compared to birds fed a regular diet 
and diuretic supplements.  
Post-mortem findings in layer birds during an outbreak of urolithiasis revealed that most birds (57.7%) 
had severe kidney atrophy and enlarged ureters due to uroliths (Hicham et al., 2011). Lakkawar et al. 
(2018) also observed distended ureters with semifluid to semisolid chalky white urates that gave a 
cord-like appearance in domestic male breeder chicks. The kidneys also exhibited varying degrees of 
degeneration. Kidney asymmetry was noticed in 44.4% of 64-week-old male broiler breeders, and the 
left kidney was larger (10,07 g) than the right kidney (9.26 g) 76.3% of the time. 
Research on incidence of urolithiasis in male broiler breeders is still limited in most African countries 
that mass-produce chickens. Considering that male birds are as important as female birds and 
contribute 50% of the genetic traits, it is crucial to investigate this potential negative effect of feeding 
a female diet on male breeders in South Africa.  Although feeding male broiler breeders a female 
ration has shown to have no effect on fertility (Tyler et al., 2021), other health factors should also be 
assessed. The information will help breeder farmers to make informed decisions regarding male 
broiler breeder feeding systems and management. 
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Preamble 
Highly Pathogenic Avian Influenza (HPAI) H5Nx is causing serious problems across much of Eurasia as 
well as North America. Where the disease used to be mainly a seasonal (winter) phenomenon, the 
outbreaks now seem to be almost continuous. 
In Europe outbreaks of the disease are reported in commercial and backyard poultry as well as wild 
birds more or less weekly from multiple countries. Although there have been previous outbreaks of 
HPAI in North America, the Goose/Guangdong type lineage strain (also referred to as the Clade 
2.3.4.4) first arrived in 2021 and has since rapidly spread across the USA and other parts of North 
America, reaching South America in late 2022. At the time of writing, there have been reports of HPAI 
across Western South America and most recently in Uruguay and Argentina. 
Africa, especially Nigeria and Egypt, has also been affected by HPAI with substantial losses occurring. 
It is safe to say that actual losses have far exceeded reported losses across many regions of the 
continent and that outbreaks have probably gone undetected especially in wild birds in the region. 
South Africa has already had 2 outbreaks of HPAI, in 2017 and in 2021-2023, caused by the H5Nx 
Goose/Guangdong lineage viruses. More can be expected. 
The traditional strategies of “stamping out” infected poultry flocks have become increasingly 
ineffective in stopping the ongoing outbreaks, principally because infected wild bird populations have 
become a key reservoir and source of new infections – indeed outbreaks have become more severe 
over time. 
 
The Change in the Epidemiology of HPAI since 1996 
Pre-1996 Epidemiology 
Different strains of Avian Influenza circulate, usually asymptomatically, among wild bird populations, 
particularly waterfowl. On occasion they may spill over into domestic poultry populations. In most 
cases the strains are not highly pathogenic and cause only mild losses in poultry populations. In a 
relatively small number of cases, the circulating avian influenza viruses mutate into the highly 
pathogenic form (HPAI) – these outbreaks are regionally localized and can be effectively controlled by 
destroying the affected poultry flocks. 
 
Epidemiology developing since 1996 
A specific strain of HPAI emerged belonging to the Goose/Guangdong lineage (also known as Clade 
2.3.4.4) emerged and this and other closely related strains of AI H5Nx have circulated almost 
continuously in different parts of the world in wild bird and domestic poultry populations. Despite 
massive efforts to cull infected flocks, the number of outbreaks continues to increase, and the scope 
of the problem has expanded across most of the world. 
 
How do we Control HPAI Outbreaks 
When domestic poultry flocks become infected with HPAI, they are destroyed under supervision of 
the National Veterinary Services. Apart from finding ways to kill very large numbers of birds quickly 
and humanely, the carcasses and manure have to be disposed of in such a way that they do not 
contaminate the underground environment or the atmosphere and do not pose a risk for further 



spread of the disease. Once the local outbreak has been contained, the sites are cleaned and 
disinfected and then replacement stock are placed.  
The impacts of the process are serious and far-reaching. Among others 
Ø In South Africa all costs associated with the destruction and replacement of the flock are for 
the account of the producer and the financial impact is severe. Single farm operators are easily driven 
out of business. 
Ø Where outbreaks are severe, there is an impact on the price of poultry products which flows 
through to consumers. Eggs in the USA have been retailing recently for as much as $10 a dozen (almost 
R190). 
Ø The emotional toll on farm staff is also significant. 
This becomes frustrating when it is becoming clear that the efforts are failing to end the outbreak and 
we can look forward to increasingly severe outbreaks in future. 
 
The Limits of What Can be Achieved by Improving Biosecurity 
Just as eradication of infected flocks has been the mainstay of outbreak control, so biosecurity has 
been the mainstay of outbreak prevention. The model is that we create an impenetrable disease 
barrier which will not allow diseases to enter farms. We restrict access of humans and equipment as 
these are known to be major disease spreaders. Everything entering the site is washed and disinfected. 
We control rodent and insect populations. 
These strategies are only partially effective against a disease that is introduced onto farms by wild 
birds. Infected fomites may be picked up between the shower block and the chicken sheds, rendering 
all the showering completely ineffective. Wild birds may simply fly onto any part of the site and 
contaminate it, they may even fly directly into sheds. 
 
The Case Against Vaccination 
1. It is not cost-effective. This is true insofar as vaccinating many millions of birds against a 
disease they will not be exposed to is not an intrinsically sound strategy – if you know the disease does 
not occur in a country then this is good for the industry and every effort should be made to eliminate 
the disease as soon as it is detected. 
2. Vaccination disguises the signs of the disease in infected flocks and allows it to become more 
widespread before being detected and eliminated. For this reason, vaccination is also seen as 
“undemocratic” because farmers lacking the resources to vaccinate are at risk of contracting the 
disease from the vaccinated and infected farms. 
3. Widespread use of vaccination will become less effective over time as the prevailing viral 
strain mutates to avoid the immune response of vaccinated birds – it is also argued that vaccination 
creates increased “pressure” on wild strains of AI to mutate which may worsen the overall disease 
control situation. 
4. Because vaccination disguises the presence of the disease it may affect trade. Importing 
countries will require assurances that imported birds are free from AI and this is more difficult to be 
sure of in vaccinated flocks. Importing countries may also cynically refuse to accept imports from 
countries which are not AI free – this is all part of trade wars. 
5. Vaccinated birds that become infected with AI will still have to be destroyed. It remains the 
view of international authorities that eradication of AI remains the goal of control efforts and that 
vaccination is simply a tool which forms an integral part of the control strategy by slowing the spread 
of disease. 
 
Countries that Already Vaccinate 
A number of countries already vaccinate against HPAI 
China has vaccinated extensively since 2016. There have been no major outbreaks in the past few 
years, although there are sporadic outbreaks on small-holdings where birds have not been vaccinated. 
People are occasionally infected with different strains of AI, sometimes fatally. 



Mexico has used various AI vaccines for a number of years, originally against LPAI and most recently 
against H5N1 (170 million doses reported used) – despite this, 5.9 million birds have been culled during 
the most recent outbreak. Other Central American counties have followed suit with vaccination. 
Egypt has also used various AI vaccines for a number of years, poor quality product, poor product 
administration and incorrect choice of antigens, not to mention poor disease control protocols, has 
resulted in ongoing outbreaks in Egypt – but essentially producers are free to protect their own poultry 
to the best of their ability. There have been human cases, informal reports suggest there may be a link 
between HIV infections and some deaths associated with AI. 
The Developing Case for Vaccination 
The movement in support of strategic use of HPAI vaccination has grown very rapidly since the middle 
of 2022, driven particularly by the French government – because of its large free-range poultry, 
especially duck, flocks France has probably been the hardest hit of all European nations. It is certainly 
difficult to contain outbreaks of AI in birds that at kept outdoors – the US turkey industry has also been 
disproportionally hard-hit in outbreaks there. 
IABS Workshop  
In October 2022 the IABS Workshop entitled “Vaccination Strategies to Prevent and Control HPAI – 
Removing Unnecessary Barriers for Usage” was held in Paris.  
The major conclusions and recommendations from the meeting include the following: 
“Additional measures are needed to prevent HPAI, given the extent of infection in wild birds, the 
evidence of increased outbreaks and the large number of poultry that have been destroyed as a result 
of this disease. The safe disposal of these carcasses remains a challenge. 
Vaccination can provide an extra layer of protection, reduce the quantities of circulating virus and the 
number of farms on which stamping out is required. However, there is still reluctance to deploy it in 
some countries.  
Concerns have been expressed about the adverse effects on public attitudes if reliance on stamping 
out continues as the main control method.  Vaccination will help to overcome these concerns. 
Many of the barriers to vaccination are either spurious or can be overcome.  Two issues will likely take 
longer than others to be overcome – trade issues and availability of suitable, commercially available 
vaccines.” 
The meeting has further recommended the following short-term actions: 
1. Formation of a consultative committee on vaccination… to provide support to greater usage 
of vaccination in association with other control measures. 
2. Implementation of trial vaccination in the field in multiple countries that are not currently 
using vaccines. These trials will provide opportunities to assess and develop appropriate surveillance 
programmes. 
3. To continue to promote the value and importance of vaccination. 
4. Support the OFFLU AIM programme through provision of isolates or genetic material from 
new isolates. 
 
Since this meeting the EU members have already moved on the recommendations from the workshop, 
including the harmonisation of vaccination protocols across the organisation. 
So what are the Issues Here? 
How would AI Vaccination Work in South Africa? 
At present the “conventional” view is that: “the ultimate goal of any AI control programme is to 
eradicate HPAI”. Whether this view is still realistic given the reality on the ground in the present HPAI 
outbreak can be questioned – but working from that, the approach is as follows. 
First, vaccine dossiers would need to be evaluated by the relevant authorities and the products 
approved and registered for use in South Africa. The standard process for vaccine registration typically 
takes between 2 and 5 years to complete. If the AI vaccines are identified as a national priority, this 
could probably be achieved in a shorter time – but still probably not much less than 2 years from 
submission of dossiers and assuming the supporting data is adequate. At present AI vaccine dossiers 



are not being considered by the registration authorities as HPAI vaccines are banned from use in this 
country. 
Once the vaccines are registered for use, it is likely that all vaccination would take place under a level 
of government control and supervision – as has been done with the use of autogenous H6N2 
vaccinations presently in use inf South Africa. This means that each purchase of vaccine would need 
to be approved by government, and companies using the vaccine would need to comply with a 
disease-monitoring protocol determined by government. We cannot be sure if universal vaccination 
of breeder and layer birds would be allowed (broiler vaccination is unlikely at present) or if vaccines 
would only be allowed where there was a demonstrable “high-risk” of challenge or even an actual 
outbreak. 
The vaccines used would probably have to be applied by injection (some are available for mass 
application) and probably also have to be given at least twice to ensure a good level and duration of 
protective immunity. This is a substantial cost and also an approach that does not lend itself to a quick 
response in the face of an actual disease outbreak – vaccination needs to be implemented BEFORE 
any outbreak occurs in order to ensure that at least high-value birds are protected. 
A disease monitoring programme would need to be in place to ensure that vaccines are administered 
effectively, thus ensuring they are effective where applied. The programme would also need to ensure 
that vaccinated flocks can be clearly distinguished from flocks that have been exposed to a field-
challenge with HPAI.(DIVA strategy) The appropriate DIVA strategy will depend to a degree on the 
vaccine that is used. The strategies will also require some upgrades in the tests available in South 
Africa – for example tests for neuraminidases which are often used to do DIVA are not routinely 
performed in South Africa. All such test results would need to be reported to government agencies – 
in the case of a flock testing positive for HPAI, it would still be culled, resulting in not only the costs of 
the destruction and disposal of the birds accruing to the owner of the poultry but the owner would 
also have incurred all the costs of vaccination and monitoring programmes. Monitoring programmes 
will be essential if South Africa hopes to continue exporting poultry products. 
Exports could be placed under threat (and in South Africa’s case, also imports of GP and parent stock). 
Although the WOAH has stated that vaccination “should not pose a barrier to trade” many importing 
countries may not be fully assured that vaccinated birds are not infected with HPAI. Importing 
countries may not understand or accept the protocols put in place by exporting countries to ensure 
that birds are not infected with HPAI – this will all require extensive bilateral trade negotiations 
between exporting and importing countries to harmonize practice with expectations. This is a major 
reason why the USA has not yet agreed to start vaccinating against HPAI, despite the massive recent 
losses among US poultry in the past 2 years. 
 
Position on Vaccination for HPAI of the South African Poultry Association (SAPA) 
The SAPA expressed its support for vaccination against HPAI in a letter to members dated the 18th of 
November 2022. It plans to wait for legislation from the EU parliament to allow HPAI vaccination. 
 
The Position of the Poultry Group of the SAVA on Vaccination against HPAI. 
It is the view of the Poultry Group of the SAVA that: 
1. vaccination is a valuable tool for the control of HPAI. 
2. vaccination against HPAI should be done using sound scientific principles and following the 
guidelines being developed internationally. 
3. the option of vaccination against HPAI needs to be pursued vigorously in South Africa – given 
the inability of government to compensate farmers when outbreaks occur and the impact this has on 
livelihoods and the overall viability of the national poultry sector. 
4. criteria for the registration of HPAI vaccines be developed to facilitate their registration as 
quickly as possible when this becomes an option. 
5. vaccination trials, like those being considered in Europe, be supported in South Africa as soon 
as possible. 



6. HPAI management protocols be updated as soon as possible to reflect the new reality of the 
use of HPAI vaccines. 
7. compartmentalisation protocols be developed to enable companies wishing to export poultry 
products from unvaccinated flocks to do so.  
 
  



Determination of Ca and P digestibility of individual feed ingredients as affected by limestone. 
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Introduction 
Most nutrient requirements today are based on digestible values, with an example of this being 
the available (a) or digestible (d) phosphorus (P) system being used globally, and an amino acid 
digestibility system being widely adopted. Not so with calcium (Ca). Because Ca digestibility from 
ingredients has been demonstrated to be highly variable, formulation to a total (t) Ca requirement 
results in a variable supply of digestible (d) Ca, depending on the ingredients used. To account for this 
variation, tCa in diets has been increased to provide a safety margin when Ca digestibility from 
ingredients, particularly limestone, is poor, resulting in Ca over-consumption. The use of a tCa:aP or 
dP ratio increases the use of P to maintain the ratio and, since the digestibility of Ca is unknown, this 
can result in a source of error. Ca is a very reactive cation under certain pH conditions, interacting 
directly or through chelation’s with phytate. Understanding Ca digestibility from limestone is critical 
when transitioning to a dCa system, as limestone can contribute more than 50% and 90% of dietary 
calcium in broiler and laying hen diets, respectively, in vegetable-based diets. More recent research 
in broilers has also shown that the size of the limestone particle as well as the source of the limestone 
can have a significant impact on calcium digestibility while also having a significant impact on 
phosphorus digestibility, and phytase efficacy. This will have a profound impact on mineral 
digestibility. 
 
Calcium digestibility methods 
Of late, there has been a renewed interest in the need for a digestible Ca system for poultry. This has 
been a challenge due to the p hysiological constraints due to Ca homeostasis in the body which are 
well known (Hurwitz, 1989; Murayama et al., 1998; Pike et al., 2007; Veum, 2010; Proszkowiec-
Weglarz and Angel, 2013a) and must be taken into account when developing a methodology for 
ingredient digestible Ca determination in any vertebrate animal. Ca digestibility methods developed 
in poultry to date include those of Anwar et al., 2015, 2016a & b, Proszkowiec-Weglarz et al., 2013 a, 
b & c, and Angel et al., 2016. 
 
Calcium digestibility in ingredients  
Several studies have been published that determined the digestibility of Ca in meat and bone meals, 
corn and soybean meal, limestone and oyster shell, and phosphates (Angel et al., 2016; Anwar, 2017; 
Angel, 2018, 2019a & b), with different digestibility coefficients of Ca determined between studies. 
Data for the same ingredient tend to differ when determined in two different labs (Anwar et al., 2015; 
2016 a, b, & c; Angel et al., 2019), but both methods and actual ingredient nutrient contents were 
different. Anwar, for example, reported 45% Ca digestibility in soybean meal, whereas Angel (2019b) 
reported 56% based on three studies with three different soybean meal batches.  The determination 
of Ca digestibility from various ingredients is ongoing both to validate existing results and put forth a 
more robust set of values and expand ingredients to include those used in Europe and Asia.  
 
Limestone Ca digestibility  
In recent years, several research groups have shown that Ca digestibility in broilers can vary 
dramatically depending on the Ca source provided, the solubility and source (geology) of limestone, 
as well as by the diet source and level of phytate and use level of phytase in the diet (Anwar et al., 
2016c; Angel, 2019; Kim et al., 2019; Taylor et al., 2019). With the knowledge that the digestibility of 
tCa can be significantly altered by the aforementioned dietary factors, and that the form of Ca 
provided and absolute amount can alter P digestibility, the specification of Ca requirements for 
broilers as tCa in the diet becomes obsolete, as does the adherence to a fixed ratio of tCa to available 
or dP. In current commercial diets where phytase is often used at doses above normal, limestone 



becomes the primary contributor of Ca in the diet. Limestone often contributes 50% or more of the 
Ca in commercial broiler diets. Thus, the importance of understanding limestone Ca digestibility, and 
limestone Ca interactions with phytate becomes essential if a dCa system is to work. Given the 
previous observations by multiple research groups that limestone particle size and solubility can affect 
the utilization of calcium by broilers and laying hens, as well as phosphorus digestibility and phytase 
efficacy in broilers, it was of interest to characterise the observed variation in particle size and 
solubility of limestones used in commercial feed production in Europe to quantify differences in 
limestone quality used in commercial poultry diets. 
 
Material and methods 
Animals:  
Animal husbandry and experimental procedures were approved by the University of Pretoria Animal 
Ethics Committee.  
A total of 2500 day-old Ross 308 male broilers were obtained from a local commercial hatchery located 
1h from the research site and placed in floor pens with artificial light and environmentally controlled. 
The birds were fed a commercial type of pre-starter (1-8 d of age, Table 1, formulated to contain 0.90% 
Ca and 0.50% dP) and starter (9-16 d of age, Table 1, formulated at 0.80% Ca and 0.40% dP) and grower 
(17-19 d of age, formulated at 0.65% Ca and 0.28% dP) diets with adequate nutrient concentrations 
were fed. Clean pine shavings (10 cm deep) were used as bedding. House temperature was 34oC for 
placement and dropped based on bird comfort to reach a final temperature of 25oC on d 16. 
Photoperiod was 24 hr light (L):0 dark (D) from hatch to 5 d, 20L:4D from 6 to 9 d, 18L:6D from 10 to 
24 d of age. Birds were checked twice daily, and weight of mortalities was captured immediately. Feed 
and water were offered for ad libitum for the study. 
The experiment was conducted at 2 ages (21 d and 23 d) to ensure there would be adequate 
replication for each treatment similar work done in Taylor et al. (2020). Birds were placed into battery 
cages on 19 d and 22 d which were preassigned to treatment (TRT) based on a within block (spacial 
and time of sampling) randomization. Birds were weighed individually and selected to ensure similar 
initial pen weight and to minimize within pen weight variation. Each battery pen was equipped with a 
single nipple line and a feeder trough which was externally mounted. The battery cage (width × depth 
× height; 54 cm × 68 cm × 37 cm, respectively) had 6 birds which was seen as a replicate. Experimental 
diets were fed from 19 to 21 d and 22 to 24 d of age for 36 h. At the end of 36 h, all birds in the battery 
cages were euthanized by intravenous injection (1ml per kg of body weight) of sodium pentobarbital 
(Virbac AH, Inc., Fort Worth, United States of America) to minimize smooth muscle contractions in the 
intestine and minimize distal displacement of digesta. The distal half of the ileum, 3 cm above the 
ileocecal junction was immediately removed. Digesta was gently removed on top of cold granite slabs 
by flushing with cold distilled water, pooled by pen. The samples were then frozen at −20°C, and 
lyophilized. Lyophilized samples were then ground using a granite pestle and mortar to pass through 
a 0.25 mm sieve and stored in airtight containers until further analyzed. 
Calculations: 
The apparent digestibility of dry matter (DM) and nutrients were calculated using the nutrient-to-
marker ratio in the diet and ileal according to the following equation of Ravindran et al. (1999): 
Apparent DM digestibility (%)=100×(1/TiO2)diet−(1/TiO2)feces(1/TiO2)diet 
Apparent nutrient digestibility (%)=100×(N/TiO2)diet−(N/TiO2)feces(N/TiO2)diet 
Where TiO2 represents the concentration of titanium dioxide; and N is the nutrient concentration. 
Experiment 1: 
Experiment 1 was a 4x2 factorial design with 8 replicates per treatment. There were 3 different cereal 
grains (corn, wheat, sorghum) and full-fat soybeans, with two levels of added limestone, plus 2 
additional treatments being the basal with and without limestone. These basal treatments were 
formulated to have minimal phytate, using degermed maize, brewers rice and haemoglobin. These 
treatments were used to determine the Ca digestibility of the diet as well as the digestibility of 
limestone. This basal diet was added to the induvial feed ingredients to yield a phytate P of 0.177% in 



the final diets. This is essential to reduce the effect of phytate P level in the diet on Ca digestibility. 
The digestibility of Ca from each feed ingredient and of limestone in the presence of each feed 
ingredient will be determined by difference in terms of Ca contribution from the basal with and 
without limestone. 
Experiment 2: 
Experiment 2 was a 3x2 factorial design with 8 replicates per treatment. There were 3 different protein 
sources (Rapeseed meal, Soybean meal, Sunflower meal), with two levels of added limestone, plus 2 
additional treatments being the basal with and without limestone. These basal treatments were 
formulated to have minimal phytate as in Experiment 1, using degermed maize, brewers rice and 
haemoglobin. These treatments were used to determine the Ca digestibility of the diet as well as the 
digestibility of limestone. This basal diet was added to the individual feed ingredients to yield a phytate 
P of 0.24% in the final diets. This is essential to reduce the effect of phytate P level on Ca digestibility. 
The digestibility of Ca from each feed ingredient and of limestone in the presence of each feed 
ingredient will be determined by difference in terms of Ca contribution from the basal with and 
without limestone. 
Statistical Analysis: 
The trial is a randomized complete block design, using block, as a random effect. All data will be 
analyzed in SAS 9.1 (SAS Institute, 2012) using a Proc mixed model. Statistical probability for main and 
interaction effects was set at P < 0.05 and where main or interaction effects were significant, means 
will be separated using a protected LS mean.  
 
Conclusion: 
Significant progress has been made toward the development of a dCa system that can be used in 
poultry feed formulation systems and commercial applications. More information, however, is 
required before commercial implementation. More ingredient dCa information is required for future 
implementation in practical formulations not only to encompass more of the ingredients used globally, 
but also to increase the robustness of the system where more than one sample of each ingredient is 
represented in the dCa number. More research is needed on the complex interactions of calcium 
source, phytate level and phytate source, and phytase enzyme inclusion. 
 
 

  



Perspectives on feeding modern layer genotypes for extended production cycles 
 

Rick Kleyn1 and Mariana Ciacciariello2 
 

Summary 
Modern layer genotypes differ from their predecessors in two ways. First, they have a higher rate of 
lay and second, flocks will remain in lay for longer production cycles, becoming what we call ‘long-life’ 
layers. The net result of these factors is that the lifetime performance of laying hens continues to 
improve, which is central to sustainability. Sustainability becomes all the more important in a tough 
economic climate. This paper will examine how modern hens differ from their historical counterparts 
(or not) and will examine their nutrient and energy requirements and efficiencies of utilisation. Work 
on the nutrient and energy requirements of long-life layers has been sparsely reported and, as a result, 
is not well understood. Nutritionists are thus obliged to extrapolate data and ideas from younger birds 
to their older sisters. The paper will consider some of the major challenges and dilemmas faced by 
nutritionists and producers when extending the length of the laying cycle. Lastly, it will propose some 
remedies and strategies to ensure that hens produce as many saleable eggs as possible, in a manner 
that will maximize profits. 
 
Introduction 
The production of table eggs continues to change. Housing and management systems are changing, 
largely as a result of consumer pressure; the economic landscape continues to be volatile, with the 
price of ingredients and the value of eggs continuously changing; there is an increasing realization that 
all aspects of poultry production should be sustainable, and the genotypes we use in our production 
systems continue to evolve. 
Improved production efficacy in laying hens has been achieved by selecting hens that lay longer 
clutches of eggs (Dunn, 2013; Bain et al., 2016; Preisinger, 2018). In addition, the productive life of 
hens has been extended to one hundred weeks of age or more. These 'long-life' layers were predicted 
to produce 500 eggs by 100 weeks of age (Bain et al., 2016; Hy-Line, 2020), and this is now being 
achieved (Gautron et al., 2021; De Nóbrega et al., 2022). Primary breeding companies have used 
genomic tools to address several issues, including clutch lengths, control of egg size, reducing the 
decline in egg quality, improving shell-breaking strength and bone quality and improving the oviduct's 
weight and efficiency (Bain et al., 2016; Preisinger, 2018).  
Feeding long-life layers will be challenging for several reasons, and little specific data exists. Firstly, 
there are only limited data on the nutrient requirements of old hens. Second, skeletal reserves of 
calcium become depleted with age, and this may present a challenge. Third, the oviduct and liver 
gradually lose their normal function as the hen ages. Lastly, as birds age, their plumage deteriorates, 
increasing their maintenance requirements for energy and giving rise to welfare issues. 
As laying hens evolve, their amino acid (AA), mineral and energy requirements must be reassessed. It 
is often intimated that the nutrient requirements of modern genotypes have increased (Elliot, 2008; 
Lemme, 2009; Kumar et al., 2018; Soares et al., 2019). Kidd and Loar (2021) point out that the rate of 
change in the egg industry is such that it exceeds the science that is required from research to support 
emerging management practices. Eggshell quality and skeletal integrity in laying hens are directly 
linked since hens maintain shell quality at the expense of bone mineralisation (Korver, 2020). 
Understanding the dynamic between egg output, egg quality, and skeletal integrity is essential, 
particularly as the hen ages (Alfonso-Carrillo et al., 2021).  
This paper will report on three experiments conducted by the authors that examine the utilisation of 
AMEn, balanced protein and Ca in hens of differing genotypes and ages. 
 
Materials and methods 
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Data from three experiments, each of 10 weeks duration, were collated. Experiment 1 (Exp. 1) was 
conducted in 1986 using a historical strain flock of Hisex Brown birds aged 30–40 weeks post-hatch 
(Kleyn, 1987). Experiment 2 (Exp. 2) was conducted in 2018 with a modern strain of Hy-Line Brown 
birds aged 20−31 weeks post-hatch (at peak production) (Kleyn et al., 2021a). Experiment 3 (Exp. 3) 
was conducted in 2019 with a flock of long-life Hy-Line Silver Brown birds aged 80−90 weeks post-
hatch (Kleyn and Ciacciariello, 2022). Where relevant, the studies were approved by the Animal Ethics 
Committee of the University of KwaZulu-Natal (AREC/044/017). Birds were handled within the code 
of conduct of SAPA (SAPA, 2018).  
The experiments were conducted in an open-sided convection house where individual laying hens 
could be accommodated and fed separately. The environment could not be controlled.  The hens were 
offered diets differing in energy and balanced protein content. Diets ranging in AMEn from 10.0 to 
13.0 MJ/kg and standard ileal digestible lysine (SID Lys), ranged from 5.0 to 9.0 g/kg (Table 1).  Ideal 
AA profiles were applied to ensure that the protein content of all diets was balanced. Although the 
diets all contained the same Ca levels, it was possible to calculate daily Ca intakes and draw inferences 
from these data. A randomised factorial block design with replication was used. Feed and water supply 
were ad libitum, and artificial lighting was used to maintain the photoperiod at a constant 16 hrs/d 
(Kleyn et al., 2021a; Kleyn and Ciacciariello, 2022). 
Production data, used for analytical purposes, were collected over the final four-week period of each 
experiment. The efficiency of energy utilisation was determined as follows: kJ/g egg output = Energy 
intake (kJ) – (body weight [kg] * f) / egg output [g]) * 100, where f was the factor determined for the 
maintenance requirement for AMEn. The value used for f was 299 kJ/kg (Kleyn and Ciacciariello, 2022). 
The efficiency of SID Lys utilisation (expressed as a percentage) for egg production was calculated as 
suggested by Spek (2018): egg output (g/d) × 9.3 / SID Lys intake (mg/d) × 100. This relationship is 
based on the contention that 1 g of egg output contains 9.3 mg SID Lys. Assuming that each egg 
contains 2.3 g of Ca (Nys et al., 2004), daily Ca deposition and hence the efficiency of Ca utilisation for 
eggshell formation in individual hens could be determined. 
 
Table 1: A comparison of the experimental design and performance characteristics of the three 
flocks of hens used in the evaluation1 

 Hisex Brown 
36-40 weeks 

Hy-Line Brown 
 27–30 weeks  

Hy-Line Silver Brown  
87–90 weeks  

Year of experiment 1986 2018 2019 
Factorial design 4 x 4 3 x 4 3 x 4 
AMEn (MJ/kg)2 10.2;11.1;12.0;12.9 11.0; 11.5; 12.5 11.0; 11.5; 12.5 
SID Lys (g/kg)2 4.9; 5.9; 7.0; 8.0 6.0; 7.0; 8.0; 9.0 6.0; 7.0; 8.0; 9.0 

Number of hens included1 132 155 106 
Final body weight (g) 2068 1874 1974 
Change in body weight (g/d) 1.12 0.21 -0.082 
Feed intake (g) 117.5 113.3 104.1 
SID Lys intake (mg/d) 753 735 776 
AMEn intake (kJ/d) 1307 1317 1208 
Hen-day production (%) 89.18 97.42 79.52 
Egg weight (g/egg) 62.3 57.9 60.5 
Egg output (g/d) 55.5 56.4 47.9 
FCR (g feed/g egg day) 2.12 2.01 2.56 
Hens at 100% production 18 111 5 
Hens that had ceased laying 2 3 6 



All differences were significant (p <0.001) 
1 Only hens with FCR values of between 1.8 and 2.4 were considered. 
2 Values were recalculated using a matrix standard for all experiments. 
SID Lys: Standardised ileal digestible lysine 
 
At 90 weeks of age, five birds of the long-life strain were selected from each treatment, euthanised 
by stunning and exsanguination, and stored at -15°C for future examination. The right tibia was 
removed and de-fleshed before testing. Fresh tibia weight and ash were determined, and tibia and 
shell-breaking strength were measured. Egg components were measured, and liver size, health and 
condition were investigated. A macroscopic evaluation was performed to determine liver 
haemorrhage presence and severity, and a scoring system was used to assess the liver colour (Kleyn, 
2023). 
Linear regression prediction equations were used to evaluate and compare the flocks, with each hen 
representing a single data point. Flocks were treated as factors. Hens with FCR out of the normal range 
of less than 1.8 or above 2.4, were excluded from any regression analysis. This reduced the effect of 
body protein and energy deposition on the efficiency of utilisation and conversion when hens 
consumed significantly more or less energy or nutrients (Spek, 2018).  
An economic assessment of the impact of SID Lys and AMEn inclusion in layer diets was carried out. 
This entailed determining the value of egg output and subtracting the cost of feeding. In the first 
series, AMEn was held constant while SID Lys values ranged from 6 g/kg to 9 g/kg. In the second series, 
SID Lys was constant and AMEn levels from 11.00 MJ/kg to 12.5 MJ/kg were considered. 
 
Results and discussion 
In total, the records of 390 hens together with 28 diets differing in their energy and nutrient content 
were used to evaluate the impact of age and genotype on the response of laying hens to energy, 
balanced protein, and Ca (Table 1). Despite the differences in hen genotype and age, a single model 
for feed intake prediction could be used, (R2 > 0.800) suggesting that data from each of the three flocks 
of hens were congruent and any comparisons between the flocks were justified (Figure 1).  
 

 
Figure 1: The relationship between predicted and actual feed intake based on experiments conducted 
on Hisex Brown hens in post-peak production, Hy-Line Brown hens at peak production and long-life 
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Hy-Line Silver Brown hens (Feed intake = 80.042 + Body weight (kg) x 22.402 + Egg output (g/d) x 1.314 
- SID Lys (g/kg) x 1.042 - Energy (MJ/kg) x 6.462) 
All hens were able to regulate their daily energy intake by adjusting their food intake, in contrast to 
the findings of other workers who found that hens tended to consume more calories at higher dietary 
energy levels (Bouvarel et al., 2011; Classen, 2017; Scappaticcio et al., 2021, 2022). Hens housed and 
fed individually, are permitted to achieve their desired feed intake, but birds housed in colonies or 
groups may not be able to adjust their feed intake in the same manner. Scappaticcio et al. (2022), 
working with colonies of ten hens, found that when increasing dietary energy levels from 11.51 MJ/kg 
to 11.72 MJ/kg, young hens were unable to consume the additional feed to meet their requirements 
when fed the low-energy diet. There was no difference in feed intake, which was not the case in the 
work reported here. It is noteworthy that hens coming into lay could adjust their feed intake from the 
moment they were placed in the layer house. 
The response of egg output to AMEn intake differed significantly between the three genotypes 
considered, but an examination of the individual flock responses on the same axis (Figure 2) shows 
that the differences between flocks was small in practical terms. By calculation, it was shown that the 
modern strain required less than 0.2% more energy per gram of egg output than the historical strain. 
The older birds of the long-life strain used 0.5% less energy than the modern strain, but this outcome 
may be a result of the long-life strain hens using body reserves for egg production (they lost weight 
during the trial period). There was no significant difference in the efficiency of AMEn utilisation 
between the historical strain and the modern strain, but the long-life strain used energy less efficiently 
than the younger flocks. It is probable that the proportion of energy used for maintenance purposes 
was greater in these birds, making it appear as if the birds were less efficient. 

 
Figure 2: Response curve illustrating the relationship between average egg output (g/day) and daily 
dietary AMEn intake (mg/day) based on experiments conducted on all hens  
The response of egg output to SID Lys intake of the three genotypes is shown in Figure 3. There was 
no difference in the response of the historical and modern strain hens, but the long-life strain hens 
differed significantly (p <0.001). The long-life strain flock lost body weight, and some protein was likely 
made available for egg production. Increasing the levels of dietary SID Lys from 5 g/kg to 9 g/kg had 
little impact on the long-life strain hens in terms of hen day production, suggesting that SID Lys was 
not deficient in any of the diets offered in this experiment. Contrary to expectation, higher dietary SID 
Lys levels led to reduced performance. Protein was used with the same efficiency in the historical and 
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modern strain flocks, confirming that nutrient utilisation has not changed over the past three decades. 
The efficiency of SID Lys utilisation was reduced in long-life layers.  
 

 
Figure 3: The relationship between egg output (g/d) and SID Lys intake (mg/d) based on experiments 
conducted in all hens  
 
In the historical strain hens, egg weight increased by 0.80 g per 100 mg of SID Lys intake, which is 
higher than the 0.65 g per 100 mg of SID Lys consumed by the modern strain but lower than the 1.19 
g, 1.59 g, 1.42 g, and 0.94 g, calculated from the work of Silva et al. (2015), Kumar et al. (2018), 
Spangler et al. (2019), Scappaticcio et al. (2021), respectively. However, Da Nóbrega et al. (2022), 
working with white hens, showed that this figure declined from 0.95 g per 100 mg of SID Lys intake at 
30 weeks of age to 0.52 g per 100 mg of SID Lys intake at 90 weeks of age. In late lay, higher protein 
intakes had a non-significant (p = 0.16) effect on egg weight, suggesting that increasing egg size in late 
lay is challenging. 
It is generally accepted that hens gain weight throughout the laying cycle, leading to a gradual increase 
in feed intake as flocks age (Emmans, 1974; Leeson and Summers, 2005). The historical strain gained 
1.3 g/d during the experimental period, whereas the modern strain gained only 0.2 g/d, while the 
birds in late lay lost weight and exhibited a reduction in feed intake. In the case of the historical strain 
hens, increasing dietary AMEn had a small but significant impact on body weight, but in the modern 
strain, no effects were measured. Increasing dietary protein levels did not affect body weight in any 
of the flocks that were considered. 
Daily Ca intake was calculated for each hen, using the calculated Ca level of the diet and individual hen 
feed intake. In Exp. 3, as AMEn increased from 11.0 MJ/kg to 12.5 MJ/kg, Ca intake decreased from 
3.92 g/bird/day to 3.38 g/bird/day (p <.001), which is a 16% decrease. Calcium deposition in the 
eggshell correlated with daily Ca intake (r = 0.671; p <.001), in line with higher feed intake associated 
with higher egg output. Hens that produced fewer eggs and consumed less Ca (p <0.001) exhibited no 
differences in eggshell weight or shell-breaking strength. Increased Ca intake had no significant effect 
on shell weight, shell thickness, or shell breaking strength but as Ca intake declined, utilisation 
improved significantly (47.7% versus 41.4%) (p = 0.003). Other relationships were significant (Table 2) 
but of little practical relevance. 
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Table 2: A matrix showing the correlation between the response to calcium intake for shell-breaking 
strength, shell weight, tibia weight, and tibia-breaking strength for Hy-Line Silver Brown hens aged 
87–90 weeks 

 Ca 
intake 

Shell 
breaking 
strength 

Shell 
weight 

Tibia 
weight Tibia ash 

Tibia 
breaking 
strength 

Ca intake  1.000      
Shell breaking strength  -0.043 1.000     

Shell weight  0.013 0.341 1.000    
Tibia weight -0.079 0.008 0.099 1.000   

Tibia ash 0.113 0.421 -0.191 -0.132 1.000  
Tibia breaking strength -0.183 -0.030 0.096 0.368 0.072 1.000 

Significant values (p <0.05) are in bold font. 
 
A comparison of the efficiency of Ca utilisation for eggshell formation relative to daily Ca intake for 
birds at peak production and late in lay is shown in Figure 4. It was impossible to estimate how much 
Ca was mobilised from the skeletal reserve, making the differences in Ca utilisation difficult to explain, 
although the number of eggs produced likely plays a role. These results confirm that issues of Ca 
depletion in the bird may have more to do with metabolic Ca insufficiency than dietary deficiency 
(Fosnaught, 2009).  Other observations were that the relative proportion of egg components, namely 
the albumen and yolk, were not affected by increased protein, energy, or fat intakes. 
 

 
Figure 4: Response curves illustrating the relationship between the efficiency of Ca conversion into 
eggshell mass (%) and Ca intake (mg/d) based on experiments conducted on Hy-Line Brown hens at 
peak production and long-life Hy-Line Silver Brown hens 
Increasing age can adversely affect hen liver metabolism and function (Gu et al., 2021). Fatty liver 
haemorrhagic syndrome (FLHS) is an issue as hens age. The balance between hepatic synthesis and 
secretion of lipids is vital in regulating hepatic and extrahepatic fat deposition in hens. Liver fat 
accumulates, and histopathological changes occur for several reasons, including nutrition, housing 
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conditions, and inflammatory challenges (Shini, 2018; Selvam et al., 2018). Liver condition was 
generally low, with only six hens of the 60 measured displaying healthy livers (containing no 
haemorrhages). Liver colour was slightly better, with 14 birds having dark red or red livers, which could 
be construed as normal. An examination of the impact of AMEn and SID Lys intake on egg output and 
various liver metabolic parameters was carried out, and none of the parameters that were measured 
had any impact on liver colour or liver haemorrhages, and there was no correlation between the two 
parameters (r = -0.019; p = 0.884), suggesting that they indicated different aspects of liver vitality. 
Larger livers tended to be yellow (r = 0.477; p <.01), and liver size was positively correlated with egg 
output. The larger livers would contain more lipids, partly explaining this phenomenon. 
Deciding on the optimum levels of protein and energy is a key component of feeding commercial 
laying hens. Different optima should be calculated using the margin of feed cost (MOF) as a measure. 
This will vary depending on how eggs are priced plus the cost and the availability of feed ingredients. 
A formulation exercise was conducted using the dietary specifications and hen performance from Exp 
2 as a basis. If graded eggs are being sold, the greatest return is from the diet containing 9 g/kg of SID 
Lys. This gave rise to a SID Lys intake of 993 mg/day. However, if ungraded eggs are sold, the diet that 
maximised the MOF contained 6 g SID Lys/kg. This translated into a SID Lys intake of 678 mg/day. The 
birds on the 6 g/kg SID Lys diet proved to be approximately 5.6% more profitable than the birds fed 
the highest level.  
Similarly, in the AMEn component of this exercise, it was found that the MOF was maximised at the 
median energy level (11.75 MJ/kg) when graded eggs were being sold. However, when ungraded eggs 
were produced, the lowest energy diet (11 MJ/kg) was the most profitable. Energy intake did not differ 
significantly. Hence, simply changing the egg pricing structure leads to two different 
recommendations for SID Lys and AMEn. 
  
Conclusion and applications 
1. From a biological perspective, hens can regulate their daily energy intake by adjusting feed 
intake, regardless of genotype or age.  This may not always be the case under commercial conditions 
where hens are housed in colonies of cohorts, who may prevent them from consuming adequate 
amounts of feed. 
2. Dietary protein levels are a significant driver of feed intake, and it is not true to say that feed 
intake is a function of the energy level of the diet. 
3. The daily protein and energy requirements of modern laying hens are lower than those of 
their historical counterparts because they are lighter and lay smaller eggs. The fact that the lay longer 
clutches does not alter this finding, as they still only lay a single egg daily. 
4. Modern genotypes gain less weight during the laying cycle than historical strains. 
5. Protein and energy utilisation in laying hens has remained the same despite the improvements 
in genotype over the past three decades.  
6. Protein and energy utilisation in long-life layers were reduced, in line with a reduced response 
to protein and AA content, a phenomenon that could be explained by the fact that many of the hens 
were going out of lay. 
7. Manipulating egg size through increasing dietary protein levels is more difficult to achieve in 
modern layer genotypes that have been specifically selected for smaller eggs in late lay. 
8. Hens in late lay did not respond to dietary protein levels, suggesting that even the lowest level 
used in our experiment was adequate. 
9. Individual hens do not respond to dietary protein or energy. They simply consume enough 
feed to enable them to achieve their genetic potential. Flocks respond to increasing dietary protein 
and energy levels, but mostly because not all individuals in a colony can achieve their desired feed 
intake, thus any increase in nutrient density results in an increase in nutrient intake. 
10. Statistical models for determining optimal AA levels are of limited use. Many are based on an 
entirely subjective decision of what the optimum should be, and few consider the value of the egg 
output. 



11. The higher total egg number produced by modern genotypes likely leads to more pressure on 
the already constrained skeletal Ca reserves, 
12. Calcium utilisation differed between genotypes, with the hens at peak production using Ca 
with greater efficiencies when dietary Ca intake was low. Older hens used Ca with a consistent level 
of efficiency. 
13. Tibia ash and shell-breaking strength are correlated, but Ca intake did not affect skeletal or 
eggshell parameters. This would suggest that dietary Ca levels may be of less importance in the older 
hen than is often assumed.  
14. Hens with larger livers showed better follicular development and had greater egg output. 
These large livers tended to be more yellow. Liver colour and the degree of liver haemorrhaging were 
not correlated and appeared to have little impact on liver condition or hen performance. 
15. The liver is largely misunderstood in the laying hen but is perhaps the most important 
component of egg production in late lay. 
16. Hen’s performance needs to be considered in light of her lifetime well-being. Examples of this 
are that poor skeletal development (low skeletal Ca reserves) may only impact the hen in old age, and 
if they start the laying cycle with poor plumage, there is little that can be done to resolve the condition. 
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The second presentation at the 39th Scientific Symposium of the South African Branch of the World’s 
Poultry Science Association in Pretoria served as an overview of: amino acid dose response studies, 
amino acid density studies, ingredient research involving micro algae and improved soybean meal 
genetics, gut health, and net energy.  As such, the presentation complemented my previous 
presentation on the branched-chain amino acids, in addition to complementing a subsequent 
presentation on amino acid density work by Andrew Catlett in Cobb birds.  In addition, Andreas Lemme 
presented a research study conducted at a German broiler integrator and discussed the merits of 
reducing protein, with specific reference to nitrogen excretion.  Research was presented that echoed 
nitrogen excretion reductions of Dr. Lemme up to 14% by each percentage decrease in crude protein 
in broiler diets (Kidd et al., 2001).   
 
A soybean meal market outlook regarding increased soybean processing facilities was discussed in 
terms of improving identity preservation, assessing soybean processing factory NIR values on amino 
acids for use in formulation, and diet density differences when comparing low crude protein versus 
amino acid density studies.  Regarding diet density research, results were presented demonstrating 
that it is imperative to consider income over feed costs based on feed and chicken prices.   
 
Towards the end of the presentation, gut health as affected by low protein diets was discussed.  This 
work complemented Parco Fernandez’s presentation on inflammation, but of that (i.e., inflammation) 
induced by diet as our work (Mullenix et al., 2021) has demonstrated that reduced diet crude protein 
fed to broilers can increase inflammation and, as a result, leaky gut (Mullenix et al., 2021, 2022). 
 
Regarding energy, work is in progress to assess the application of formulating with the net energy 
concept as compared to metabolizable energy.  Diets reduced in crude protein increased broiler 
peritoneal cavity adipose tissue when diets were balanced to metabolizable energy, buy not net 
energy. 
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INTRODUCTION.  
The primary goal of commercial hatcheries is to produce the highest number of first grade chicks per 
fertile eggs set, ideally at the lowest cost given the narrow profit margin of the poultry industry. First-
week mortality is also viewed as a key indicator of hatchery success, although this criterion could be 
expanded to include long-term post-hatch performance. The final goal of any day-old chick is 
maximum performance in terms of meat or egg production with minimal feed intake and optimal 
incubation is a prerequisite for the bird to achieve its genetic potential. Although the basics of artificial 
incubation have remained unchanged for centuries, the challenges faced in a modern commercial 
hatchery trying to achieve these goals are ever changing. Particularly in South Africa, where hatchery 
productivity is restricted by resource availability and regular unpredictability. The obstacles faced by 
South African hatcheries can be grouped into categories of low, medium, and high based on the 
degree of control achievable by the hatchery manager. While there are no simple solutions for the 
complex issues facing South African hatcheries, by leveraging the factors within their control 
hatcheries can still be successful in meeting the embryos’ needs for optimal development. 
 
CHALLENGES WITH A LOW DEGREE OF CONTROL.  
Resource availability and cost are the leading challenges faced by South African hatcheries, with the 
national energy crisis being of greatest concern. The current demand for electricity is beyond what 
the national infrastructure can provide and has resulted in the implementation of planned supply 
interruptions or load shedding. These outages have progressively increased over the past year, from 
1,169h without electricity in 2021 to 3,773h in 2022; this translates to the days without electricity 
being more than tripled from 48d in 2021 to 157d in 2022 (CSIR, 2023). While loadshedding itself is 
not a new challenge, the increased frequency and duration of these planned outages has caused major 
disruptions within the poultry production chain and across the country in general. Perhaps more 
alarming has been the increase in unplanned power outages, which have almost doubled in the past 
few years and resulted in a further decline in energy availability (CSIR, 2023). Electricity is an essential 
requirement for modern artificial incubation as the embryo requires a stable environment consisting 
of heating, cooling, ventilation, and turning, with little tolerance for deviation. The outlook for 
hatcheries is bleak as power cuts are projected to increase for the foreseeable future and alternative 
energy sources must be considered (Eskom, 2022). 
For many South African hatcheries, the prohibitive cost of solar panel installation has resulted in stand-
by generators being critical in maintaining power during loadshedding; however this solution is quickly 
becoming expensive as well due to global events driving fuel prices up (Magome, 2022).  The 
Automobile Association of South Africa has shown an average 20% and 47% increase in the price of 
diesel for 2021 and 2022, respectively, and the current prices show no indication of decreasing. To put 
these prices in perspective, a generator with sufficient capacity to run a hatchery may require 90L/h 
of diesel at a cost of R22/L; based on the 3,773h of load shedding in 2022, a hatchery may easily have 
spent over R7.5 million for the year in diesel alone. Moreover, this cost is not limited to the hatchery; 
while the hatchery may produce day-old chicks, the ultimate destination is the meat or egg processing 
plants that are also heavily reliant on electricity to operate. When these facilities are unable to 
function, it creates a backlog and disrupts placement schedules, which can result in the culling of day-
old chicks and a massive loss for the hatchery (Linden, 2023). In a similar manner, increased feed prices 
have also negatively impacted producer profits, with the effect flowing back to the hatchery in terms 
of reduced chick sales. Global maize and soybean prices began to rise in 2019 with the shipping 



interruptions related with COVID-19 and have continued to increase with the disruption arising from 
the war in Ukraine (SAPA, 2021). Thus, rising fuel and feed costs along with limited electrical supply 
have created an environment where remaining profitable is difficult, but there may be some hope in 
the popularity of poultry protein. 
Along with higher production costs, the price of poultry meat and eggs has also risen but remains 
relatively low compared to other protein sources (SAPA, 2021). As the economic impacts of load 
shedding influence consumer spending habits as well, per capita consumption of chicken and eggs are 
projected to grow over the next decade (BFAP, 2022). This suggests a promising future for the day-old 
chick market, if hatcheries can survive the current crisis. While issues such as load shedding, fuel and 
feed prices are beyond the control of the hatchery, other challenges within the supply chain and the 
hatchery itself may offer more obtainable opportunities for improved performance. 
 
CHALLENGES WITH A MEDIUM DEGREE OF CONTROL.  
Egg quality is one of the chief components  in hatching success and chick quality, but is largely 
determined by breeder farm conditions. Breeder age, nutritional status, and flock fertility are beyond 
the scope of the hatchery operations, therefore communication with the breeder farm is key to 
ensuring incubation accommodates these factors as needed. Egg quality is at its peak immediately 
following oviposition and can only be maintained or reduced, but not improved, post-lay. Egg storage 
is the first quality control point for the hatchery and ideally, should occur at 17-20°C with 
approximately 70-80% relative humidity for approximately 3 to 7 days. However, the logistics of a 
commercial hatchery mean that storage times may be extended well beyond a week., which can lead 
to reduced hatchability, poor chick quality, and decreased field performance (Tona et al., 2004). While 
storage beyond 10 days will impair hatch performance, how the egg is managed during storage can 
potentially minimize the magnitude of these negative effects.  
Embryo development begins after fertilization and continues as the egg progresses down the 
reproductive tract, such that at lay the blastoderm is composed of approximately 40,000 to 60,000 
cells. This is generally recognized as the “doughnut” stage as the cells are organized in a ring formation, 
with a thin layer of cells in the middle of the ring (the area pellucida) that appear translucent in 
comparison the thicker layer of more visible to cells on the perimeter of the blastoderm (the area 
opaca) (Eyal-Giladi and Kochav, 1976). During storage below 21°C, embryo cellular activity slows and 
the term “physiological zero” is generally applied to embryos stored at low temperatures to indicate 
that all metabolic activity has ceased (Brake et al., 1997); however, a more accurate description would 
be “arrested development” as further development does not occur but metabolic processes are 
decreased to maintain the embryo in anticipation of growth being initiated once correct incubation 
temperatures occur. Yet this process is a race against time as moisture loss and pH changes within the 
egg contents during long-term storage create an increasingly unfavorable for the embryo. The 
approximately 50,000 cells that were present at lay eventually die until the total cell count is below a 
level sustainable for embryonic development (Hamidu et al., 2010); hence early or “doughnut” stage 
embryo mortalities being mostly commonly associated with long stored eggs (Fasenko et al., 2001).  
Strategies such as lower temperatures, turning, upside down positioning, and covered trolleys have 
been used to limit the negative impacts of long-term storage with mixed results (van de Ven, 2004). 
The rationale behind these strategies is to minimize changes in the egg contents to reduce cellular 
degradation; however these solutions still result in a decrease of viable embryonic cells and during 
prolonged storage may not be sufficient. A recently developed strategy termed SPIDES allows for 
cellular replacement and repair during storage and may be more successful at improving the ratio of 
viable:nonviable embryonic cells. Short periods of incubation during storagse (SPIDES) consists of 
exposing the egg to higher temperatures (30-35°C) for short durations (2-6 hours) to allow the 
embryonic developmental to advance and replenish the total number of viable cells before returning 
to storage. While the restoration of embryonic development allows for cells to be repaired, it also 
moves the embryo closer to the primitive streak stage which would normally occur after 
approximately 12h of continuous incubation. At this developmental stage, embryonic development is 



primed to continue and returning the egg to storage will result in embryonic mortality (Dymond et al., 
2013). While the mechanisms of SPIDES may differ from more conventional storage strategies, it may 
be impractical for hatcheries with limited space or short-medium term storage durations. Ultimately, 
the hatchery manager must decide which egg storage strategy best suits their facilities and setting 
schedule but a better understanding of embryonic changes during storage can assist in making the 
correct choice. 
Post-hatch, unpredictability in placement schedules can result in delayed feed access which can stunt 
long-term field performance. Nir and Levanon (1993) demonstrated that an additional 1 to 2 days 
extra were required during rearing for chicks to overcome a 24h to 48h delay in placement. Ideally, 
chicks should be sent to the farm as soon as possible following hatch, but the reality is that this is not 
always possible. Even when operations are on schedule, the negative impacts of delayed nutrient 
access may arise from a wide hatch window. In situations where the duration of hatch is extended, 
the first chicks to emerge will be more advanced as compared to those hatching last but lack access 
to feed and water; post-hatch processing and holding can further exacerbate these effects (Careghi et 
al., 2005; Yalcin et al., 2016). Residual yolk utilization is thought to support the chick up to 72h post-
hatch yet results are inconsistent; at best, the yolk is sacrificed to meet maintenance requirements 
rather than contributing to growth and immunity while at worse the yolk remains intact and instead 
muscle and organ tissues are degraded to meet the chick’s energy needs (Özlü et al., 2020). In both 
layer and broiler chicks, the negative influence of delayed feed access on body weight continues well 
into rearing, along with poorer feed efficiency and higher mortality (Gaglo-Disse et al., 2010; de Jong 
et al., 2017). 
Within the context of the hatchery, management of the hatch window to reduce the time lapse 
between the emergence of the first and last chick can assist in limiting the negative effects of post-
hatch feed delay. The hatch window represents the cumulative variation accrued throughout 
incubation, therefore improving the uniformity during incubation will contribute to improved hatch 
uniformity and a reduced hatch window. Arranging the set to minimize differences between eggs in 
terms of flock age, storage time, and egg size can help ensure that the eggs will require similar 
incubation conditions. Preventative maintenance and routine monitoring of conditions for each step 
of incubation, from pre-warm to take-off, will also improve hatch window as well as hatchability and 
chick quality (Bergoug et al., 2013). While new technologies such as in-ovo feeding, hatcher feeding 
baskets, and on-farm hatching have also been recommended to combat the negative effects of 
delayed feed access (Willemsen et al., 2010) the cost and logistics of these alternatives tend to limit 
their implementation in South Africa. Cost and logistics aside, these technologies offer minimal benefit 
if incubation conditions are not correct and therefore improvement within existing operations would 
be a better investment. 
Assuming all conditions up to and including hatch were correct, chick holding is the next area where 
hatchery managers can minimize potential losses associated with delayed feed access. To limit the 
energy expenditure of the chick, the holding area should allow chicks to maintain a body temperature 
close to 40.0°C. Higher temperatures appear to be more detrimental that cooler ones (as defined by 
body temperatures above 42.5°C or below 38.0°C, respectively), likely due to the additional impact of 
dehydration associated with thermal stress at high temperatures (Maman et al., 2019). The inclusion 
of feed in the chick baskets has been shown to support chick body weight and gastro-intestinal 
development during extending holding periods, but may require adjustment to room conditions to 
maintain correct body temperature as feed intake will increase metabolic heat production (Sklan et 
al., 2000; Noy and Uni, 2010). While this may not be practical for short-term holding, it may be 
beneficial for holding periods longer than 48h; particularly for chicks from extreme flocks ages 
(Mahmoud and Edens, 2011). There is some evidence that chicks may experience compensatory 
growth following a “mild” delay in feed access (around 24h) with no apparent differences beyond the 
first week of rearing (Lamot et al., 2014). However, this recovery is likely correlated to optimal 
incubation and brooding conditions, which may not be guaranteed in commercial operations. Ensuring 
ideal incubation conditions can prepare the chick to withstand future challenges and these are the 



factors that the hatchery manager has the greatest degree of control over, thus where the greatest 
improvements may also occur. 
 
CHALLENGES WITH A HIGH DEGREE OF CONTROL.  
For incubation to be successful, the embryo requires a temperature of 37.5°C, sufficient humidity and 
ventilation to facilitate moisture loss and gas exchange, as well as routine turning through a 90° angle. 
If these four conditions are correct, hatchability and chick quality will be maximized as well as post-
hatch bird performance (assuming favorable field conditions). Modern commercial setters and 
hatchers are designed to control the incubation environment for thousands of eggs per set to 
maximize facility capacity, however it can be difficult to ensure a uniform environment for all eggs 
within such large machines. Temperature is recognized as the most influential factor during incubation 
although it is important to define what aspects contribute to the temperature experienced by the 
embryo. During the second week of incubation, heat production by the embryo exceeds machine air 
temperature and ventilation to remove excess heat becomes a critical component to egg temperature. 
Turning may reduce air speed if the angle is insufficient and result in eggs overheating due to the 
insulating effect of stagnant air (French, 1997). High relative humidity can reduce the contribution of 
evaporative cooling to removing excess heat and can impair gas exchange as well as egg weight loss 
(Meijerhof and van Beek, 1993). Altitude is an additional challenge unique to South African hatcheries, 
as the average elevation for the county is around 1,000m (Messerli et al., 1988). Atmospheric oxygen 
concentration is decreased at approximately 1% for every 500m increase above sea level, which can 
hinder embryonic metabolism at higher altitudes (Julian, 2000). Water vapor is also reduced per 
volume of air, which can potentially reduce heat transfer and result in the embryos experiencing 
higher temperatures than a similar machine profile would elicit at sea level (Meijerhof, 2009). 
Improvements in genetic selection have also led to higher performing birds and, especially in broilers, 
a higher heat production during incubation when compared to strains from 1960 (Hulet and Meijerhof, 
2001). Mismanagement of the above factors can result in increased eggshell temperatures that will 
hinder embryonic metabolism, resulting in a less developed chick that will be unable to maximize its 
genetic potential in the field. Therefore, the primary challenge facing the hatchery manager is to 
ensure that the requirements for optimal embryonic development are being met, with temperature 
being of chief concern.  
To this extent, the adage of “what gets measured gets monitored” proves to be true. The majority of 
parameters at every level of hatchery production are easily quantifiable and regular collection of a 
multitude of variables occurs daily in nearly all hatcheries. While such a vast amount of data can be a 
valuable tool, it is only as useful as it is accurate. In South African hatcheries, there is usually a 
knowledge gap between the employees collecting data and those interpreting it which can lead to 
inaccuracies in information. This disconnect can result in unreliable data records or the inclusion of 
obvious errors that if left unidentified, may lead to bad decisions based on bad information. The 
recording of data on paper makes it difficult to quickly catch such mistakes while the transfer of such 
data to an electronic format may lead to further mistakes and creates a delay in data analysis. In 
electronic form, being able to view results in relation to farm origin, flock age, machines number, or 
any other category is easily done while to do the same with paper records would be extremely difficult. 
Most modern hatchery equipment automatically records critical parameters and is usually accessible 
remotely; while such technology is costly, it may worth calculating the cost of errors arising from 
incorrect or delayed data to compare which is more expensive. 
Assuming data is reliable and available in electronic form, the next obstacle faced by hatcheries is 
extracting the fullest value from their data. Primarily, hatchery data is used to help predict short-term 
performance and assist in trouble shooting when problems arise. However deeper analysis of the data 
can provide insight into issues before they occur and correlate hatchery performance to other levels 
of the production chain. Monitoring the variation within key measurements such as hatch of fertile or 
embryo mortality can help managers distinguish between normal fluctuations and potential issues 
before performance acutely drops. The reduction in this variation can also be used as an indicator of 



hatchery performance and create a positive feedback loop, with lower variation leading to better data 
and improved decision making. More advanced uses of data include using data mining and statistical 
analysis to help identify patterns and evaluate the impact of hatchery practices on performance. Data 
mining is the process of analysing large databases to gain a better understanding of patterns and 
trends to allow for better informed decisions or predictions. Similarly statistical analysis can evaluate 
the relationships between factors within these observations to elucidate which factors carry the 
greatest influence and under which conditions. Beyond the hatchery, performance data from other 
levels within the production chain, feed cost, fuel prices, climate records, and any other variables can 
also be incorporated to help increase productivity. For example, in recent work from Grochowska et 
al (2019) traits such breed, flock age, storage time, and setter and hatcher type were evaluated to 
determine which had the greatest impact on early embryonic mortality and first week chick mortality. 
One of the findings was that the specific machine model for both setters and hatchers had a significant 
impact on first week mortality, despite all models originating from the same manufacturer. Such 
information could allow managers to motivate for equipment upgrades, with data that is specific to 
their operations and has a greater potential to improving performance. By prioritizing good data 
collection, management, and analysis, hatchery managers can develop a powerful tool that will allow 
them to better improve performance despite the uncertain conditions within the South African 
poultry industry. 
 
CONCLUSIONS.  
The challenges faced by South African hatcheries vary widely in terms of their impact on performance 
and to what degree managers can respond to them. Unfortunately issues such as load shedding, fuel 
and feed prices greatly influence production and profits but are largely beyond the hatchery manager. 
More achievable improvements are to be found within the hatchery operation itself and should 
include a focus on bird production beyond the first week of rearing. Uncertainty within the industry 
can result in less optimal egg storage times and placement schedules, but practices such as SPIDES 
and post-hatch feeding can provide flexible strategies to minimize negative impacts. However these 
strategies are only effective if incubation conditions prioritized. Temperature remains the most critical 
factor in determining incubation success and although the desired embryo temperature remains 
37.5°C, a variety of factors must be considered in determining how to achieve this temperature. 
Ongoing data collection can provide an invaluable source of information specific to the hatchery that 
can offer opportunities for improvement, but data quality must be the first consideration as inaccurate 
data is worse than no data. Ultimately challenges will continue to emerge within the South African 
poultry industry, but by focusing on flexible strategies and harnessing accurate data to make decisions 
hatcheries can find opportunities to improve performance and overcome industry obstacles. 
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Introduction 
For monogastrics, and especially poultry, fibre has traditionally been seen as a nutrient with little 
relevance, something of a diluent (or even an antinutrient in the case of viscous fibres) which should 
be held below a threshold so as not to cause problems rather than something to consider as a positive 
element of the diet: Chickens are not cows! Over recent years this attitude is changing, with fibre 
nutrition in the chicken being studied in greater detail as it’s importance has increased with the 
removal of prophylactic antibiotics. This paper intends to give an overview of the subject area, with 
focus on how modulation of fibre fermentation in the chicken can help improve performance and 
intestinal resilience.  
 
Fibre definition and analysis 
When talking about fibre there are various challenges with respect to definition and analysis which 
are partly the reason why historically fibre may have not had the attention it deserves. Most people 
have a conceptual understanding of what fibre is, but a detailed and precise definition and analysis is 
more difficult to achieve.  
Definition of the term fibre varies depending on the author as well as the purpose of the definition. A 
conceptual, physiological definition would be something like ‘The fraction of the diet not digested by 
the animal’s digestive enzymes but can potentially be fermented by the microflora (Bach Knudsen, 
2014)’ or ‘Dietary fibre is the edible parts of plants or analogous carbohydrates that are resistant to 
digestion and absorption in the (…) small intestine with complete or partial fermentation in the large 
intestine.’ (AACC, 2001). The problem with this is that whilst this covers the concept of fibre it doesn’t 
match analytical procedures.  
In most countries feed materials are still analysed to get a ’Crude Fibre’ measure for labelling 
purposes. The crude fiber (CF) method (Henneberg and Stohmann, 1859) measures the residue after 
solubilising the sample in strong acid and alkali solutions and weighing the residue. This provided 
nutritionists with a vague idea of the quantity of the fibre components cellulose and lignin. As 
conditions used in this method are very aggressive, the true fibre content is underestimated, and it 
also does not serve as a way to identify the fibre structure or composition.  A more advanced method 
was developed by van Soest et al (1963) using graded solubilisation of the sample in a series of 
neutral/acid solutions, then drying and weighing the sample and, lately, discounting ash content. This 
method effectively measures what is insoluble in every step of the method, giving neutral detergent 
fibre (NDF) as a measure for hemicellulose, cellulose, and lignin; acid detergent fibre (ADF) as a 
measure for cellulose and lignin and acid detergent lignin (ADL) as a measure for lignin. This detergent 
fibre method is commonly used in ruminant and pig nutrition, but the method has not been widely 
used in poultry nutrition. Whilst these parameters give a better estimate of fibre content it doesn’t 
help in determining the functional effect of the fibre and also underestimates total fibre as soluble 
fractions are drastically underestimated. To improve the understanding of fibre, the analytical method 
of Englyst et al (1994) is based on measuring the constituent sugars from both soluble and insoluble 
fibre components and thus gives a more complete understanding of fibre composition and structural 
content in feed materials. This method focuses on the understanding of non-starch polysaccharide 
(NSP) content, which combined with lignin gives a value for total dietary fibre (TDF). NSPs are 
composed of hemicellulose, cellulose and pectin and vary in their monomeric sugar compositions. 
Having a greater understanding of fibre’s components will help us to understand how to optimise its 
use. For example, hemicellulose is a combination of arabinoxylans (AX), β-glucans, xyloglucans, 



mannans and fructans. The AX backbones within hemicellulose are, however, composed of arabinose 
and xylose and can vary in their substitutions along the xylan backbone. In cereals, the vast majority 
of the arabinose and xylose sugars determined in this assay are derived from arabinoxylans. These 
two sugars can be used to determine the degree of substitution which is important as the higher the 
substitution the more challenging it is for enzymes to hydrolyse the xylan backbone and generate 
smaller arabino-xylo-oligosaccharides (AXOS). Whilst understanding better the constituents of NSPs 
can benefit in the long run to improve performance and/or health of animals, we still do not know 
exactly which components of fibre are most important for intestinal health.  For example, the size, 
solubility, sugar composition and degree of lignification are all topics which need further attention. 
But using dietary fibre analysis on a routine basis in R&D will eventually give us the opportunity to link 
performance results with analytical parameters.  
 
Impact of soluble or insoluble fibres in poultry nutrition 
Fibre has historically been considered at best a diluent or even an anti-nutritional factor (ANF), which 
meant controlling maximum levels in diets rather than look for opportunities to utilise fibre as a source 
of useful nutrients. In some respect this attitude is correct, for instance it is well known that soluble 
NSPs (β-glucans and AX) can influence viscosity in the small intestine (Choct et al., 1996; Bach Knudsen, 
2014) leading to negative effects in animal performance. In poultry increasing viscosity is reported to 
raise the incidence of wet litter, dirty eggs, foot pad lesions, and reduce nutrient availability. Across 
the cereals, AX is the main NSP component followed by cellulose and β-glucans. From the A:X ratios, 
it is also apparent there are big variations in the structural features of AX molecules caused by the 
type of grains and the relative proportions of the different tissues in the grains. Today, however, using 
enzymes we are able to break these longer chain NSPs into smaller fragments reducing this effect of 
viscosity (Bedford, 1996). As mentioned by Bach Knudsen (2014), both soluble AX and β-glucan can 
increase viscosity. The viscosity of both polymers is directly related to the molecular structure 
(molecular conformation, weight and weight distribution) and the concentration of the polymer. One 
thing to take into consideration is that in vitro and in vivo viscosities may not correlate. For example, 
molecular weight of β-glucan is higher than that of AX, which causes higher in vitro viscosity for the 
former. However, AX is more resistant to degradation than β-glucans, and once it enters the gut 
(especially under gastric conditions), the viscosity caused by β-glucans will largely reduce while the 
viscosity from AX will be more resistant. Xylanases alleviate viscosity in the animal by reducing AX 
molecular weight consequently allowing better diffusion of digestive enzymes and substrates thus 
improving nutrient digestion and absorption. 
On the positive side, fibre can be seen as the main nutrient driving fermentation in the lower gut. 
Dietary Fibre can be utilised by fibre fermenting microbes and be converted to a range of useful 
nutrients, supporting both microbial growth and the host organism. As fibre fragments are 
depolymerised into smaller and smaller molecules, they are more rapidly attacked and even absorbed 
by some resident species of the microbiota. In this regard, NSPases can directly “feed” the large 
intestinal microbiota by taking insoluble and poorly fermented large molecular weight soluble fibre 
and converting it into fermentable smaller components. The prebiotic concept envisaged the 
production of a series of oligosaccharides by NSPases which are quantitatively fermented to VFAs.  
More recent work has suggested, however, that whilst NSPase can produce oligosaccharides from 
some cereals, the quantity produced is limited and certainly not enough to sustain the incremental 
volatile fatty acid production noted in many studies.  
 
Stimulating fibre fermentation in the chicken 
Use of xylanase has been shown to lead to a change in the ability of the caecal microbiome of broiler 
chickens to ferment NSP as evidenced by gas production in an ex-vivo model. When caecal content 
from broilers fed with a xylanase containing diet was incubated with a range of NSP sources there was 
an increase in gas production compared to caecal content from broilers fed a control diet (Bedford 
and Apajalahti, 2018). This effect, and the resultant increase in SCFA production, takes time to get 



established as shown by Lee et al (2017) where increased SCFA in caecal content resulting from 
xylanase in the diet became obvious at 42 days of age, whilst increases in fermentable sugar content 
in the caeca was already seen at 21 days of age.  
The term stimbiotic (STB) has been introduced recently and is defined as non-digestible but 
fermentable additive that stimulates fibre fermentability but at a dose that is too low that the 
stimbiotic itself could contribute in a meaningful manner to volatile fatty acid (VFA) production (Cho 
et al, 2020). The idea is that a stimbiotic would accelerate the development of a fibre fermenting 
microbiome whereby a small amount of a target oligosaccharide acts not only as a substrate but also 
as a signalling molecule to encourage the relevant bacteria to produce fibre degrading enzymes to 
accelerate fermentation and increase SCFA production. Various trials have been carried out with this 
concept in both pigs and poultry.  
Using a stimbiotic has been shown to result in upregulation of oligosaccharide transporters in caecal 
bacterial cell walls (Amir, 2021), suggesting an increased ability of the microbiome to utilise fibre.  
 
Potential Benefits 
The products of fibre fermentation can be beneficial to the chicken in various ways. Firstly SCFA, and 
especially butyrate can be utilised by the chicken as a source of energy. Butyrate has been studied 
widely as a feed additive, but the potential yield of butyrate from fibre fermentation widely exceeds 
the typical supply of butyrate from butyrate-based feed additives, suggesting that stimulation of fibre 
fermentation may be more effective than butyrate addition to the diet. Secondly, a shift towards fibre 
fermentation can reduce the putrefactive fermentation of protein (Apajalahti et al.,2015). As protein 
fermentation results in production of branched chain fatty acids (BCFA) this effect can be seen in an 
increased ratio of VFA:BCFA, which has been measured several times across a range of stimbiotic 
studies (AB Vista internal data, 2020).  
Stimulation of a fibre fermenting microbiome has been demonstrated in a study where a stimbiotic 
product was compared to a commercial enzyme blend containing xylanase and beta-glucanase in a 
diet rich in β-glucans due to inclusion of 30% barley (Morgan et al, 2021). In this study β-glucan levels 
measured at ileal level at 21 days of age were decreased either when the stimbiotic product was 
included or when the enzyme blend was used. This resulted in reduced viscosity and improved 
performance for both products. Total caecal SCFA’s, acetic acid and propionic acid were significantly 
increased in the stimbiotic fed group at 21 and 35 days of age, but the enzyme blend only had a 
significant effect on these parameters at 35 days of age. This indicates that the objective of stimulating 
a fibre fermenting microbiome at an earlier age was achieved by the inclusion of the stimbiotic 
product.  
A further hypothesis is that a fibre fermenting microbiome would be more resilient to challenge, and 
thus use of a stimbiotic would be more beneficial under challenging conditions. This was reported in 
piglets where under poor sanitary conditions the use of stimbiotic resulted in improved performance 
as well improvements in biomarkers indicating better gut health (Cho et al, 2020). In broilers the use 
of stimbiotic or stimbiotic combined with a suite of additive products based on phytogenic, yeast 
(MOS, glucans), prebiotics and probiotics was tested in a necrotic enteritis challenge model (Lee et al, 
2022). Challenged birds showed increased intestinal lesions, increased serum levels of TNF-α and 
endotoxin, resulting in impaired performance as well as increased foot pad dermatitis. Use of the 
stimbiotic product reduced the impact of the challenge for all these parameters. There was also a shift 
in caecal bacteria, with more Lactobacillus and less Escherichia Coli present when the stimbiotic 
product was fed. In challenged birds there was a clear reduction in Clostridium Perfringens in 
stimbiotic fed birds. Adding the suite of other additive products did improve the response of the birds 
(Lee et al, 2022). This study shows that stimulating fibre fermentation may result in birds that are 
more resilient to challenge, suggesting better results in commercial practice where a higher level of 
challenge than in typical research trials is to be expected.  
 
 



Conclusion 
Stimulation of fibre fermentation in the chicken can give substantial benefits, both in terms of 
productivity as well as resilience of the chicken.  
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Effect of monovalent and glycoside ionophore/nicarbazin combination products at typical and 
increased dose in control of coccidiosis.  
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The synergistic effects of ionophores and nicarbazin combination products make them the backbone 
of many anticoccidial programs, providing enhanced efficacy, increased safety margins (a.r.o. lower 
inclusion levels of the individual actives) and reduced risk of resistance development.  
Reduced efficacy, however, can occur, so the study aims to evaluate possible better efficacy by 
increasing the dose level of these combinations.  
Four treatment groups (10 replicates of 30 Cobb500 male broilers/pen) were compared to an IUC 
group. From Day 1 to 28 the treatment groups received glycoside or monovalent ionophore-nicarbazin 
products at typical and increased dose (Semduramicin+Nicarbazin – G1:18+48ppm or G2: 24+64ppm; 
Narasin+Nicarbazin – G3: 50+50ppm or G4: 70+70ppm). All treatment groups then received 
Semduramicin at 22,5ppm from Day 29 to 42. Birds were challenged by oral gavage with a 
contemporary mixed isolate containing E.acervulina, E.maxima and E.tenella at 18 days of age.  
Semduramicin+Nicarbazin provided a statistically significant reduction of E.acervulina lesions, FCR and 
BWG at day 28 compared to the negative control. The effect of Semduramicin+Nicarbazin was 
significantly superior (BWG at 28d) or not different from the effect of narasin+nicarbazin in all other 
zootechnical and parasitological parameters. 
There was no statistically significant improvement when using either of the two products at 35% 
higher than typically registered dose. Thus, the potential use at higher dose, did not add any benefit 
but might increase the risk related to overdose of the ionophores and/or nicarbazin.  
  



Evaluation of the effect of Virginiamycin on intestinal health and performance of broilers.  
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The 35-day floor pen study aims to assess the effect of a commercial product of Virginiamycin (VM) 
(20ppm 0-35d of age) on intestinal health and performance compared to non-supplemented control 
in settings mimicking intensive broiler production. 616 Cobb500 male day-olds were randomly 
allocated to 28 floor pens in 2 treatments (14 replicates each; 22 birds per replicate). Birds placed in 
floor pens (1.0mx1.5m) in a curtain sided, commercial poultry house with reused wood shaving litter 
and provided ad-lib with 3-phase mash diet (0-14, 15-28 and 29-35 days) formulated for Cobb500 and 
vaccinated with a commercial coccidiosis vaccine at the hatchery. 
VM reduced the histopathological scores for loss of intestinal integrity (NC 1.43a; VM 1.00b) and 
inflammation in the duodenum (NC 1.57a; VM 1.00b) and ileum (NC 1.86a; VM 1.00b). It significantly 
improved intestinal morphometrics in the duodenum (Villus Height: NC 1731µmb; VM 2022µma/ Crypt 
Depth: NC 165µma; VM 108µmb/ V:C ratio: NC 10.73b; VM 19.05a) and ileum (Villus Height: NC 939µm; 
VM 1049µm/ Crypt Depth: NC 127µma; VM 93µmb/ V:C ratio: NC 7.52b; VM 11.59a). VM improved BW 
significantly at 7 d (NC 150gb; VM 161ga); 14 d (NC 410gb; VM 432ga); 21 d (NC 860gb; VM 896ga); 28 d 
(NC 1406gb; VM 1453ga); and numerically at 35 d (NC 2277g; VM 2317g). Overall FCR (0-35d) was 
significantly improved in the VM group (NC 1.533a; VM 1.499b).  (*p<0.05) 
The positive impact on intestinal health and performance may be related to the anti-inflammatory, 
rather than antimicrobial, effects of VM (as described by Niewold 2007). 
 
 
  



Compatibility of four strain Bacillus based probiotic with different antibiotics in feed and potential 
synergistic effects.  
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The current study aims to assess the compatibility of a Bacillus based probiotic (B. licheniformis, B. 
subtilis, B. amyloliquefaciens and B. coagulans), (PRM) with two common in-feed antibiotics: 
virginiamycin (VM) and bacitracin methylene disalicylate (BMD). Compatibility was determined by 
measuring performance parameters between the test groups. 
Birds were allocated into 11 treatments with 12 replicates/treatment: uninfected, untreated control 
(UUC); infected, untreated control (IUC); and 9 infected treatments as follows: BMD(50ppm); 
VM(20ppm); PRM(5x108CFU/kg); BMD(50ppm) + PRM(5x108CFU/kg); VM(20ppm) + 
PRM(5x108CFU/kg); BMD(200ppm) + PRM(5x108CFU/kg); VM(40ppm) + PRM(5x108CFU/kg); 
BMD(200ppm) + PRM(10x108CFU/kg); and VM(40ppm) + PRM(10x108CFU/kg). Each floor pen had 52-
day-old Ross708 broilers. The UUC group received clean litter and the rest used litter from a poultry 
farm to mimic typical commercial production infection pressure.  
 
IUC had statistically significantly higher mortality and feed conversion ratio (FCR) and lower BWG 
compared to UUC. BMD, VM and PRM significantly reduced mortality and FCR and improved BWG 
compared to IUC. BMD, VM and PRM were not statistically different from each other or the UUC. 
Using the probiotic and antibiotic in combination, significantly improved BWG (VM+PRM and 
BMD+PRM) and FCR (VM+PRM), compared to antibiotics alone, indicating not only compatibility, but 
also synergistic/complementary effects. Increasing the inclusion levels of BMD or VM did not result in 
further improvement, while increasing the inclusion of the probiotic resulted in significantly better 
BWG. 
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This study aimed to evaluate the effect of dietary β-sitosterol on the carcass yield and meat quality of 
broiler chicken. Two hundred and forty, one-day-old Cobb 500 broiler chicks were randomly allocated 
to four dietary treatments: diet 1- oxytetracycline at 50 mg/kg, diet 2 - β-sitosterol at 500 mg/kg, diet 
3 - β-sitosterol at 1000 mg/kg and diet 4 - β-sitosterol at 1500 mg/kg of feed. Birds were randomly 
selected, fasted for hours 4 hours, weighed and slaughtered.  Following slaughter, carcass mass and 
dressing percentage were determined. The physical meat properties such as colour, pH, thawing loss 
(TL), cooking loss (CL) water holding capacity (WHC), tenderness and myofibrillar fragmentation length 
(MFL) were determined 45 minutes and 24 hours post-slaughter. The chemical meat properties 
(proximate, fatty acids and mineral composition) were also measured. Dietary β-sitosterol did not 
affect (P>0.05) carcass yield, meat colour and pH of broiler chickens. No significance differences 
(P>0.05) were observed on the TL, CL, WHC, tenderness and MFL across treatments. However, diet 4 
had significantly higher (P<0.05) calcium and phosphorus mineral content than other treatments. 
However, diet 4 had significantly higher (P<0.05) crude protein content than other treatments. Broiler 
chickens fed diet 3 and diet 4 had significantly higher (P<0.05) α-linolenic acid compared to diet 2. β-
sitosterol should replace oxytetracycline in chicken diets as it showed no risk of compromising meat 
quality of Cobb 500 broiler chickens. 
  



The yolk colour as a determinant of egg quality and egg purchase patterns of consumers 
 
M Mthembu*, NC Tyler and NL Wiles 
 
University of KwaZulu-Natal 
 
*Corresponding author: 214508482@stu.ukzn.ac.za 
 
Egg yolk colour relies on the composition of the diet the laying hen is exposed to. Within the diet, the 
yolk colour is influenced by the presence and number of fat-soluble carotenoids (Surai & Sparks, 2001). 
The hue (yellow, gold, and orange) depends on the level of saturation of carotenoids on the egg yolk 
during the deposition. Since carotenoids can either occur naturally, or be synthesized, the desired egg 
yolk colour can be obtained through manipulation of the diet composition. There are no formal reports 
on whether South African consumers would consider yolk colour in their purchasing patterns or what 
the general preference is for egg yolk colour. An understanding of this might better serve local 
producers to meet consumer preferences. A survey was conducted to gather the information on 
possible factors that might influence consumer purchase patterns. At least eighty percent of the 
respondents are willing to pay for eggs with desired egg yolk colours. A sensory evaluation was also 
conducted to obtain information on sensory attributes (taste, visual appeal, smell, texture, and overall 
acceptability) of eggs with different yolk colours obtained through diet manipulation of commercial 
laying hens by addition of different levels of carotenoids, and it was evident that although dark yolks 
are sometimes as acceptable as normal yolks, pale yolk colours are not as well accepted. 

  

 


