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ABSTRACT

Objective: This study aimed to investigate the growth, welfare and walking ability in broiler chickens from different genetic pure lines and hybrids.

Materials and Methods: A total of 112 broilers from each of the seven genotypes (A1, A2, A3, B1, B2, ANADOLU-T, ROSS-308) and both sexes were monitored
from 0 to 42 days. Weekly body weight (BW), body length, shank length and diameter, welfare traits (foot pad dermatitis (FPD), hock burn (HB), breast burn
(BB), finger crookedness (FC)), valgus-varus deformation (VVD), and gait score (GS) were measured.

Results: A1, A2, and A3 lines had lighter BW compared to the other genotypes, with ROSS-308 being heavier at 35 and 42 days. Welfare indicators showed
significant genotype and sex effects, with males exhibiting higher levels of HB, BB, and FC compared to females. VV angulation increased with age, with ROSS-
308 showing the highest angulation at 42 days. Gait scores were better in the Al line at 28 days and A3 line at 35 and 42 days.

Conclusion: ANADOLU-T sire lines and hybrids had higher BW than dam lines from 21 days onwards. Overall poorer welfare and impaired walking ability were
observed in sire lines and hybrids. On the other hand, VVD and gait score in ANADOLU-T sire lines could be used as selection criteria since they were not
associated with BW.
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Genetik Olarak Farkli ANADOLU-T Etlik Pili¢ Sai Hatlan ve Hibritlerde Biiyiime, Reiah ve Bacak Saglamhig Ozellikleri

0z

Amag: Bu ¢alismada, genetik olarak farkli saf hat ve hibrit etlik piliclerde bliylime, refah ve ylriime yetenegi 6zelliklerinin ortaya koyulmasi amaglanmistir.
Materyal ve Metot: Calismada yedi genotipin (A1, A2, A3, B1, B2, ANADOLU-T, ROSS-308) her birinden toplam 112 pilig 42 giin boyunca yetistirilmistir. Haftalk
canli agirlik (CA), vicut uzunlugu, incik uzunlugu ve capi, refah ozellikleri (ayak tabani dermatiti (FPD), diz yanigi (DY), gogus yanigi (GY), parmak carpikhigi (PC)),
valgus-varus deformasyonu (VVD) ve yuriyus skoru (YS) 6zellikleri incelenmistir.

Bulgular: Kesim yasinda A1, A2 ve A3 hatlari diger genotiplere kiyasla daha diisiik CA'ya sahipken, ROSS-308 en agir olmugtur. Refah gostergeleri genotip ve
cinsiyetten 6nemli diizeyde etkilenmis, erkekler disilere kiyasla daha yiksek DY, GY ve PC'ye sahip olmustur. VVD yasla birlikte artmis, 42. glinde ROSS-308 en
yuksek angulasyonu géstermistir.

Yuryus skorlari Al hattinda 28. glinde, A3 hattinda ise 35 ve 42 glinlerde daha iyi bulunmustur.

Sonug: ANADOLU-T baba hatlari ve hibritler 21. gtinden itibaren ana hatlarindan daha yuiksek CA'ya sahip olmustur. Genel olarak baba hatlari ve hibritlerde
daha koti refah ve yurtime kabiliyeti gézlenmistir. Diger yandan, ANADOLU-T baba hatlarinda VVD ve yiriyts skoru CA ile iliskili olmadigindan seleksiyon
kriteri olarak kullanilabilir.

Anahtar Kelime: Canli agirlik, performans, valgus, varus, ayak tabani dermatiti, ylirime yetenegi
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INTRODUCTION

Genetic selection of broilers has led to significant improvements in production traits such as growth rate
and feed efficiency over the last few decades. However, intensive selection focused on growth performance has
resulted on several welfare issues, particularly related to leg health and general welfare (Knowles et al. 2008;
Kapell et al. 2012; Hartcher and Lum, 2019). Leg disorders such as tibial dyschondroplasia, valgus-varus deformity
(VVD), foot-pad dermatitis and hock burn are common in modern broilers and the presence of genetic variation
for these traits suggests that there is a genetic basis for these defects (Sanotra et al. 2001; Knowles et al. 2008;
Akbas et al. 2009; Kapell et al. 2012; Gonzalez-Cerdn et al. 2015). Studies have shown that the associations
between growth traits and leg health are commonly negative, suggesting that improvement in growth
performance often occurs at the expense of leg health (Kapell et al. 2012; Gonzalez-Cerdn et al. 2015; Averds
and Estevez, 2018). Faster growing broilers were more prone to valgus and tibial dyschondroplasia compared to
their slower growing counterparts (Shim et al. 2012). Risk factors for poor locomotor activity include bird age,
genotype, feeding practices, lighting regimes and stocking density (Knowles et al. 2008). Although genetic
improvement and management practices can potentially reduce leg problems, implementation of these changes
can reduce growth rates and production (Knowles et al. 2008; Gonzalez-Cerdn et al. 2015). These findings
emphasize the need for a balanced approach to address leg health issues in broiler production.

Fast-growing broilers generally exhibit less locomotor activity, spend more time sitting and less time
engaging in behaviors such as walking and standing. This inactivity is a major contributing factor to leg disorders
and poor overall physical condition. Studies have shown that slower growing broilers tend to be more active and
exhibit fewer leg problems, suggesting that reducing growth rates may improve welfare outcomes (Bessei, 2006;
Dixon, 2020; Dawson et al. 2021).

The VVD may occur unilaterally or bilaterally and valgus cases are more common than varus in broilers
(Leterrier and Nys, 1992; Shim et al. 2012; Gonzalez-Cerdn et al. 2015). The incidence of VVD varies significantly
across studies, ranging from 1.75% to 66.0% (Leterrier and Nys, 1992; Shim et al. 2012, Paz et al. 2013, Gonzalez-
Cerdn et al. 2015; Guo et al. 2019; Giz et al. 2019). Possible reasons for differences in the incidence of VVD
between studies may be related to differences in growth rate, genetics, production system, lighting program,
age, litter quality and diet composition (Bradshaw et al. 2002), but another important factor is the method of
measuring VVD (van den Brand et al. 2022).

Walking ability in broiler chickens is closely linked to hock burns and footpad dermatitis. These are forms
of contact dermatitis, often caused by poor litter quality, which can also lead to breast burns (de Jong et al., 2016;
Granquist et al., 2019). Contact dermatitis are important welfare issues as they affect the overall health and
productivity of poultry by causing pain and discomfort. The prevalence of these problems can vary depending on
factors such as litter quality, stocking density and genetic background, with some genotypes being more
susceptible to these conditions (Haslam et al., 2007; Saraiva et al., 2016; Kaukonen et al., 2016). Effective
management practices, including maintaining optimum litter conditions and monitoring broiler health, are
essential to reduce these welfare problems and improve broiler quality of life.

In fast-growing broiler chickens, lower activity levels are observed from the first week onwards, with a
particularly sharp decline in walking distances by the third week (Reiter and Bessei, 2009). In this study, it was
aimed to determine the changes in growth during 42 days, foot-leg problems and general welfare characteristics
starting from the 4th week in relation to different growth levels in both pure lines and hybrid genotypes.

MATERIAL and METHODS

This study was carried out at Ondokuz Mayis University, Faculty of Agriculture, Livestock Research and
Application Farm. The broiler house was 9x40 m in size, environmentally controlled and consisted of 28 pens of
1.8x2.2 min size. Seven different genotypes were used in the experiment. Five of them were ANADOLU-T pure
lines (3 dam lines: A1 (58.3 g/d), A2 (57.8 g/d), A3 (56.5 g/d); 2 sire lines: B1 (67.1 g/d), B2 (66.9 g/d)), ANADOLU-
T hybrid [(B2xB1)d'x(A2xA1)?] (65.3 g/d) and ROSS-308 hybrid (72.6 g/d). The ANADOLU-T pure lines used in the
study were obtained as the 8th generation (in 2022) progeny of elite flocks in Eskisehir Transitional Zone
Agricultural Research Institute.
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A total of 112 mixed sex chicks at day-old age of each genotype were tagged with a neck band and
randomly allocated to 4 different pens (7 birds/m2). Each individual bird was considered as a replicate. In the
pens, 8-10 cm wood shavings were used as litter and a feeder and 5 nipples were provided for each pen. All birds
were subjected to standard broiler rearing procedure. The temperature was 33-34 oC at the day-old age and this
was gradually reduced to 210C until 4 weeks of age and maintained until 42 days. The lighting schedule was 24
hours for the first 3 days and gradually decreased by 1 hour each week to 18 hours at 6 weeks of age. All birds
had free access to water and feed. The feeds were purchased from a commercial feed mill. All birds were fed
with chick starter crumbs (3,000 kcal/kg ME; 23.0% CP; 1.35% dig. Lys; 1.00% dig. Met; 1.00% Ca; 0.50% aP for
the first 10 days, and chick feed between 11 and 28 days (3,100 kcal/kg ME; 22.0% CP; 1.20% dig. Lys; 0.45% dig.
Met; 0.95% Ca; 0.50% aP) and chicken feed between 29 and 35 days (3,100 kcal/kg ME; 21.0% CP; 1.10% dig. Lys;
0.40% dig. Met; 0.80% Ca; 0.45% aP) and finisher diet between 36 and 42 days (3,100 kcal/kg ME; 78.0% CP;
1.00% dig. Lys; 0.40% dig. Met; 0.80% Ca; 0.60% aP). All birds were vaccinated against New Castle-Infectious
bronchitis and Gumboro diseases via drinking water at 10 and 16 days of the experiment, respectively.

Data collection. All chicks were individually weighed at day-old (using a 0.1 g scale, Shimadzu Corporation,
Tokyo, Japan) and each subsequent week (using a 1 g scale, Jadever, JWQ-6 Digital Precision Scale, Northspring
BizHub Industrial Building, Singapore). Shank length and diameter were measured at 28 and 42 days of age and
chicken length was measured at 42 days. As described by Pishnamazi et al. (2008) and Galal et al. (2007), shank
length (mm) was measured from the bottom of the foot pad to the top of the hock joint and shank diameter
(mm) was measured from the middle part of the metatarsus with a digital caliper. Chicken length (cm) was
measured with a tape meter as the length of the chicken from the tip of the beak to the tip of the middle finger
by stretching the chicken lengthwise on a table.

For valgus-varus deformity (VVD) and gait score (GS), 56 birds of each genotype were used at 28, 35 and
42 days. The angulation (in degrees) of the tibiotarsal-tarsometatarsal joint was measured separately in both legs
using a digital goniometer to determine VVD. One end of the goniometer was placed parallel along the tibio-
tarsus, while the other end was placed parallel along the tarso-metatarsus (van den Brand et al. 2022). All
measurements were performed by a single person. lllustrations of healthy leg and valgus and varus deformities
are shown in Figure 1.

Healthy legs Valgus deformity Varus deformity
Figure 1. Healthy leg, valgus and varus deformities in broilers
Sekil 1. Broylerlerde saghkli bacak, valgus ve varus deformiteleri

Gait scoring was carried out for each individual bird according to a 5-point scoring system as described by
Kestin et al. (1992) (0: normal gait with no abnormality, 1: slightly abnormal gait that is difficult to define, 2:
obvious and identifiable lameness that does not hinder the movement of the bird, 3: obvious lameness that
affects the speed and maneuverability of the birds, 4: severe lameness that makes the bird reluctant to walk, 5:
complete lameness in one or both legs, unable to walk).

Welfare traits were evaluated by the same observer in 56 birds of each genotype at 42 days of age
according to a 4-point scoring system. Foot pad dermatitis (FPD), hock burn (HB) and breast burn (BB) were
scored with the score 0 indicating no lesions and discoloration, 1 indicating mild lesions and discoloration, 2
indicating moderate lesions and discoloration, 3 indicating severe lesions and discoloration, and 4 indicating
excessive burns and discoloration. For finger crookedness (FC), a score of 0 indicated that all fingers were intact,
while scores of 1, 2, 3 and 4 indicated crookedness of 1-2, 3-4, 5-6 and 7-8 fingers, respectively (Sarica et al. 2022;
Erensoy and Sarica, 2023).

The litter moisture content was determined by collecting samples from 3 different places in each pen at
42 days. From the homogeneous mixture of these samples, 100 g of the content was dried at 60°C for 48 hours
and the moisture content (%) was calculated (Erensoy and Sarica, 2023).
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Statistical analysis. The study was designed according to a random plots experimental design. All statistical
analyses were performed using SPSS 21.0 software (SPSS Inc., Chicago, IL). Each individual bird was used as the
experimental unit. Weekly BW, chicken length, metatarsus traits and valgus-varus angulations were analyzed
using General Linear Model (GLM) by including the main effects of genotype and sex in the model for each week.
Litter moisture was also tested according to the one-way ANOVA procedure. Welfare traits (FPD, HB, BB, FC) and
GS were analyzed in the Generalized Linear Model using the multinomial logit-link function with binomial
distribution in a model including genotype and sex main effects. In addition, in the analysis of GS, BW for each
week was included as a covariate in the model. When the significance value of the effects was P<0.05, the means
were compared using Tukey’s HSD test. Pearson correlation test was used for the relationships between
continuous characteristics and Spearman Rank correlation test for discrete or scored data. For the ease of
discussion, the following identifiers were used to describe the relative strength of the correlations among
observed traits: very weak (r < 0.20), weak (r = 0.20-0.39), moderate (r = 0.40-0.59), strong (r = 0.60-0.79), and
very strong (r = 0.80-0.99) (Ith, 2014).

RESULTS

The weekly BW of broiler chicks from day 0 to day 42 are given in Table 1. At day-old age, A3 line and
ROSS-308 chicks were the heaviest (P<0.001), however ANADOLU-T and B2 line were heavier at 7 and 14 days
(P<0.01). The A1, A2 and A3 dam lines had lighter BW than the other genotypes from day 21 onwards (P<0.001).
The ROSS-308 hybrid was also heavier than the others at 35 and 42 days of age (P<0.001). Male broilers were
heavier than females in all weeks except day-old age (P<0.01).

Table 1. Weekly body weight of broilers (g)
Tablo 1. Piliglerin haftalik canli agirligi (g)

Genotype Sex 0-d 7-d 14-d 21-d 28-d 35-d 42-d
AL F 41.8 139.6 375.3 745.4 1199.6 1693.7 2197.9
M 41.8 144.9 405.4 835.6 1402.3 2058.3 2738.7
A2 F 37.1 128.8 347.5 701.0 1166.0 1686.0 2205.2
M 37.9 131.0 366.8 745.7 1284.8 1941.1 2642.1
A3 F 433 123.5 332.6 671.8 1118.3 1596.5 2084.3
M 42.7 132.2 364.4 762.4 1318.7 1949.5 2609.1
B1 F 40.8 145.1 403.0 814.0 1352.5 1963.8 2577.6
M 41.1 146.1 416.4 893.0 1545.9 2362.6 3140.1
B> F 42.3 155.1 417.0 849.1 1396.4 2022.6 2589.0
M 42.4 154.1 432.5 891.6 1568.3 2307.7 3067.7
F 40.9 155.4 418.5 828.9 1365.8 1935.0 2499.3
ANADOLU-T M 41.3 159.9 444.0 922.9 1575.8 2316.8 3029.6
ROSS-308 F 42.1 125.8 363.1 787.1 1366.2 2077.5 2760.8
M 43.6 140.7 433.9 927.3 1614.0 2524.1 3411.1
SEM 0.119 0.533 1.515 2.766 5.074 7.506 10.239

Effects

Genotype <0.001 0.006 <0.001 <0.001 <0.001 <0.001 <0.001
Al 41.8%b¢ 142.1° 389.2¢ 787.1° 1293.3° 1862.3¢ 2448.0°
A2 37.5¢ 129.9¢ 357.2¢ 723.6° 1226.1° 1815.0¢ 2426.1°
A3 43.0° 128.3¢ 350.1¢ 721.6° 1228.4° 1790.5¢ 2372.7¢
B1 40.9¢ 145.5° 408.7°¢ 847.8° 1435.4? 2134.7° 2818.7°
B2 42.32b 154.62 424.1%° 868.6° 1475.32 2153.4° 2808.7°
ANADOLU-T 41.1%¢ 157.42 430.2? 872.0° 1462.2° 2110.2° 2742.6°
ROSS-308 42.7° 132.5¢ 394.6° 849.6° 1476.7° 2276.5° 3050.6°
Sex 0.383 0.002 0.005 <0.001 <0.001 <0.001 <0.001
Female 41.2 139.2 380.0 772.7 1283.8 1859.4 2424.4
Male 41.5 143.3 406.4 847.8 1461.6 2190.1 2925.5

F: Female, M: Male.

a-c: The differences between the means shown with different letters in the same column differ significantly according to Tukey’s test (P < 0.05).
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The length of broilers, shank length and diameter are given in Table 2. At 42 days, broiler length was not
different among genotypes, but male broilers were longer than females (P<0.001). The shank length and
diameter were significantly different among genotypes at 28 and 42 days (P<0.001). The B1 and ROSS-308
genotypes had the longest shank at 28 days, while ANADOLU-T and ROSS-308 had the longest shank at 42 days
(P<0.001). ROSS-308 genotype had thicker shank at 28 and 42 days (P<0.001).

Table 2. Chicken length, shank length and diameter
Tablo 2. Tavuk boyu, incik uzunlugu ve ¢capi

Genotype Sex Chicken length at | Shank length (mm) Shank diameter (mm)
42-d (cm) 28-d 42-d 28-d 42-d
AL F 57.1 66.0 76.9 9.9 11.6
M 60.1 69.7 81.9 10.8 12.9
" F 58.0 65.6 75.5 9.5 10.7
M 60.7 68.3 80.7 10.3 12.1
A3 F 57.1 63.5 76.2 10.1 11.1
M 60.8 66.8 80.8 11.4 12.9
B1 F 53.6 68.5 78.5 10.3 11.3
M 61.5 72.7 84.2 11.5 13.1
B> F 58.5 66.1 78.4 10.3 11.1
M 61.9 70.3 84.9 11.5 12.9
F 54.8 68.3 79.6 10.3 11.3
ANADOLU-T M 58.9 72.6 88.4 11.6 12.9
F 56.3 69.5 80.4 10.9 12.2
ROSS-308 M 61.3 71.2 85.2 11.9 13.7
SEM 0.509 0.204 0.227 0.046 0.039
Effects

Genotype 0.677 <0.001 <0.001 <0.001 <0.001
Al 58.5 67.8°< 79.3b¢ 10.3¢ 12.2°
A2 59.2 66.8 78.0° 9.9¢ 11.4¢
A3 59.7 65.8¢ 79.45¢ 11.0%° 12.4°
B1 56.8 70.8? 80.7%° 10.9% 12.0°
B2 60.1 68.0°¢ 81.5%° 10.9° 12.0°
ANADOLU-T 56.3 69.9% 83.0° 10.8%¢ 11.9°
ROSS-308 59.1 70.4° 83.1° 11.4° 13.1°
Sex <0.001 0.007 <0.001 <0.001 <0.001
Female 56.4 66.8 78.0 10.2 11.3
Male 60.8 69.8 83.4 11.3 12.9

F: Female, M: Male.

a-d: The differences between the means shown with different letters in the same column differ significantly according to Tukey’s test (P < 0.05).

Welfare characteristics of broiler chickens are given in Table 3. Neither genotype nor sex had a significant
effect on FPD, but genotype and sex effects were significant for HB, BB and FC (P<0.001). HB, BB and FC were
higher in B2, B1 and ANADOLU-T lines, respectively (P<0.001). Males also had higher HB, BB and FC values than
females (P<0.001). Litter moisture content differed significantly among genotypes and the litter of ANADOLU-T
hybrids had higher moisture content than the others (P<0.001, Figure 2).
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Figure 2. Litter moisture content (%)
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Table 3. Welfare traits of broilers
Tablo 3. Broylerlerin refah 6zellikleri

Genotype Sex FPD Hock burn Breast burn Finger crookedness
Al F 0.00 0.54 0.50 0.00
M 0.00 0.88 0.77 0.00

A2 F 0.00 0.59 0.61 0.00
M 0.00 1.00 1.07 0.00

A3 F 0.00 0.78 0.61 0.00
M 0.00 1.06 0.80 0.00

Bl F 0.00 1.21 0.96 0.00
M 0.00 1.85 1.12 0.00

B2 F 0.07 1.15 0.78 0.04
M 0.13 1.90 0.95 0.21

ANADOLU-T F 0.09 0.94 0.63 0.04
M 0.03 1.56 0.72 0.28

ROSS-308 F 0.00 0.84 0.80 0.00
M 0.00 1.10 0.88 0.07

SEM 0.006 0.024 0.025 0.009

Effects

Genotype 0.994 <0,001 <0,001 <0,001
Al 0.00 0.70c 0.62b 0.00c
A2 0.00 0.80c 0.84ab 0.00c
A3 0.00 0.93c 0.71b 0.00c
Bl 0.00 1.48ab 1.03a 0.00c
B2 0.10 1.49a 0.86ab 0.12ab
ANADOLU-T 0.06 1.22b 0.67b 0.15a
ROSS-308 0.00 0.96¢ 0.84ab 0.03bc
Sex 0,984 <0,001 <0,001 <0,001
Female 0.02 0.86 0.70 0.01
Male 0.02 1.30 0.89 0.08

F: Female, M: Male.

a-c: The differences between the means shown with different letters in the same column differ significantly according to Tukey’s test (P < 0.05).

Valgus-varus angulation of the tibiotarsal-tarsometatarsal joint in broilers at different ages is given in
Table 4. Valgus-varus angulation at 28 days was higher in ANADOLU-T hybrid (41.30) and A3 line (41.10)
(P<0.001). Sum of the angulation at 35 days was similar among genotypes. ROSS-308 hybrid had the highest
angulation at 42 days (56.60) (P<0.001). Male broilers had more valgus-varus angulation for both leg than female
at 28, 35 and 42 day (P<0.001). Valgus-vars angulation in broilers increased with advancing age (Figure 3).
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Figure 3. Changes in the valgus-varus angulation (in degrees) in left (A), right (B) and sum of both leg (C) in broilers
with advancing age

Sekil 3. Broylerlerde yas ilerledikge sol (A), sag (B) ve her iki bacagin toplaminda (C) valgus-varus agilanmasinin
(derece cinsinden) degisimi
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Table 4. Sum of the valgus-varus angulation (in degrees) of the tibiotarsal-tarsometatarsal joint in broilers at

different ages

Tablo 4. Farkl yaslardaki piliclerde tibiotarsal-tarsometatarsal eklemin valgus-varus agilanmasinin (derece

cinsinden) toplami

Genotype Sex 28-d 35-d 42-d
Al F 26.3 26.3 46.3
M 37.3 40.3 50.6
A2 F 23.1 35.8 46.9
M 22.4 43.1 48.8
A3 F 38.7 32.6 45.2
M 42.2 39.8 49.2
Bl F 37.0 35.0 53.6
M 38.2 36.9 53.5
B2 F 33.1 32.6 49.0
M 36.3 36.5 55.2
ANADOLU-T F 35.8 35.6 52.3
M 50.5 40.0 59.6
ROSS-308 F 31.3 34.7 49.6
M 39.5 45.3 62.2
SEM 0.722 0.719 0.678
Effects
Genotype <0.001 0.095 <0.001
Al 31.5° 33.0 48.4°
A2 22.8° 39.2 47.8°
A3 41.1° 37.6 48.0°
B1 37.5% 35.8 53.6%°
B2 34.6% 34.4 52.0%°
ANADOLU-T 41.32 37.3 55.12b
ROSS-308 35.9% 40.7 56.6°
Sex <0.001 <0.001 <0.001
Female 31.8 33.2 49.2
Male 37.9 40.5 53.9

F: Female, M: Male.

a-c: The differences between the means shown with different letters in the same column differ significantly according to Tukey’s test (P < 0.05).

The gait scores of broiler chickens are given in Table 5. The Al line at 28 days and A3 line at 35 and 42
days showed the better walking ability than other genotypes (P<0.001). Male broilers had lower walking ability
than females at all ages.

The correlations between VVD deformity and body and production characteristics of broiler chickens at
different ages are given in Table 6. There was a positive correlation between VVD and BW ranging from 0.43-
0.57 at 28 and 35 days and a correlation with gait score at 0.30, 0.66 and 0.32 at 28, 35 and 42 days, respectively.
The VDD at 35 days was positively correlated with BW (0.39) and GS (0.43) in the A2 line. In the A3 line, there
was a significant but weak correlation between VVD and GS at 35 days. There were no significant correlations
between VVD and other traits in line B1. In B2 line, VVD and shank length were correlated at 0.38. In ANADOLU-
T hybrid, VVD was weakly positively correlated with BW and chicken length (0.34 to 0.39) and moderately
positively correlated with shank diameter (0.46). ROSS-308 was moderate to weak associated with BW at 35 and
42 days and shank length at 28 and 42 days.
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Table 5. Gait scores of broilers at different ages
Tablo 5. Farkli yaslardaki piliclerin yliriiyiis puanlari

Genotype Sex 28-d 35-d 42-d
Al F 1.50 2.08 2.54
M 1.59 2.50 2.96
A2 F 1.84 2.08 2.65
M 2.67 2.81 2.76
A3 F 1.31 1.46 2.15
M 2.23 2.30 2.66
B1 F 1.96 2.77 2.91
M 2.19 2.88 3.15
B2 F 1.63 2.54 2.91
M 2.57 3.10 3.19
ANADOLU-T F 211 2.38 3.00
M 2.31 2.53 3.13
ROSS-308 F 1.75 2.58 2.85
M 2.12 2.88 3.04
SEM 0.043 0.036 0.034
Effects
Genotype <0.001 <0.001 <0.001
Al 1.54b 2.28d 2.74%
A2 2.222 2.42bcd 2.71%
A3 1.952b 2.054 2.50°
B1 2.052 2.822 3.00°
B2 2.072 2.802b 3.052
ANADOLU-T 2.192 2.44abc 3.052
ROSS-308 1.9620 2.752 2.96°
Sex 0.016 0.002 0.001
Female 1.76 2.31 2.75
Male 2.23 2.69 2.95

Table 6. Relotionships between foot-leg health, welfare and body traits in broilers

Tablo 6. Etlik piliclerde ayak-bacak saglidi, refahi ve viicut ézellikleri arasindaki iliskiler

Valgus-varus deformity

Genotypes Traits 28d 35.d 22-d
Body weight 0.432* 0.574* 0.282
Chicken length 0.196
Al Shank length 0.313* 0.033
Shank diameter 0.255 0.270
Gait score 0.302* 0.659* 0.317*
Body weight -0.112 0.391* 0.079
Chicken length 0.114
A2 Shank length -0.053 0.089
Shank diameter -0.235 -0.031
Gait score -0.097 0.430* 0.219
Body weight -0.049 0.297 0.181
Chicken length 0.005
A3 Shank length -0.103 0.143
Shank diameter 0.074 0.135
Gait score -0.018 0.326* 0.056
Body weight 0.135 0.252 0.087
Chicken length -0.122
B1 Shank length 0.385 0.006
Shank diameter 0.303 0.164
Gait score -0.042 0.097 0.029
Body weight -0.007 -0.008 0.140
Chicken length 0.210
B2 Shank length -0.104 0.381*
Shank diameter 0.252 0.278
Gait score 0.190 0.196 0.102
Body weight 0.386* -0.119 0.185
Chicken length 0.342*
ANADOLU-T Shank length 0.328 0.134
Shank diameter 0.464* 0.106
Gait score 0.204 0.256 0.277
Body weight 0.283 0.301* 0.401*
Chicken length 0.207
ROSS-308 Shank length 0.456* 0.316*
Shank diameter 0.198 0.420*
Gait score 0.132 0.125 0.080

R i
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DISCUSSION

Genetic selection in broilers has primarily focussed on improving production traits such as growth rate
and feed efficiency. This intensive selection has resulted in significant improvements in body weight and overall
productivity. When comparing the 1991 and 1957 broiler lines, a 420% increase in body weight was observed at
42 days of age and 85-90% of this improvement was attributed to genetic selection (Zuidhof et al. 2014).
However, this fast growth has led to some unfavourable effects, especially in terms of foot-leg health and overall
welfare of broilers (Bessei, 2006).

The breeding of fast growing broiler chickens started in Turkey in 2015 and the selection of 5 pure lines is
currently in progress at Eskisehir Transitional Zone Agricultural Research Institute. While a balanced selection
has been implemented for reproductive traits and BW in the dam lines (A1, A2, A3 lines), the sire lines (B1 and
B2 lines) have focused on body weight and feed efficiency (Erensoy et al. 2020; Sarica et al. 2021a; Erensoy and
Sarica, 2022; Erensoy and Sarica, 2023). Crossbreeding studies in ANADOLU-T pure lines showed the possibility
of over 10% heterosis for growth traits in their 4-way hybrids (Erensoy and Sarica, 2023). In previous studies, BW
at 42 days for Al, A2, A3, B1 and B2 lines, ANADOLU-T and ROSS-308 hybrids were 2557.8-2624.4 g, 2474.6-
2538.6 g, 2390.7-2444.5 g, 2795.1-2828.8 g, 2724.1-2753.6 g, 2777.3 g and 3083.2 g, respectively (Sarica et al.
2021b; Erensoy and Sarica, 2023). In our study, 42-days BW values were consistent with the previous studies.
The differences in BW between dam and sire lines are due to line-specific selection strategies (Erensoy and Sarica,
2023). Selection for BW and feed efficiency in sire lines made them superior to dam lines. On the other hand, the
fact that ROSS-308 is superior to both ANADOLU-T hybrid and pure lines in terms of BW is due to its very effective
selection history for fast growth over long generations (Siegel, 2014; Zuidhof et al. 2014; Tallentire et al. 2018;
Hartcher and Lum, 2020).

The main objective in the selection of broilers for BW and feed efficiency is to enhance the amount of
breast meat (Zuidhof et al., 2014). The chicken lengths at 42 days were not different among the genotypes,
indicating that the increase in the amount of breast meat causes enlargement in the breast area rather than the
length of the bird. Erensoy et al. (2019) reported that ANADOLU-T pure sire lines had longer and thicker shank
than the dam lines, but two-way hybrids were superior to both dam and sire lines with respect to shank
characteristics. In our study, ROSS-308 and ANADOLU-T hybrids and sire lines had longer and thicker shank
lengths than the dam lines. Since it is known that there are strong phenotypic and genetic associations between
6-week BW and shank length and diameter in broiler chickens (Singh and Jilani, 2008), this was probably related
to more resilient shank traits developing in parallel with higher BW. Shank length and girth are two important
traits for skeletal development in broilers (Gao et al. 2010; Guo et al. 2019), so they may be directly or indirectly
related to VVD (Guo et al. 2022). Although shank length and diameter were lower in the A2 line, this was not
directly related to the change in VVD at 28 and 42 days. Furthermore, in all genotypes except ROSS-308 hybrid,
shank traits at 28 and 42 days were also not strongly correlated with VVD and were often negligible. This indicates
that the shank traits of ANADOLU-T pure lines and their hybrids develop in harmony with BW without any
increase in VVD with advancing age.

It is well known that the development of contact dermatitis is linked to genetics (Haslam et al. 2007; Kapell
et al. 2012), body weight (Santos et al. 2022; Erensoy and Sarica, 2023) and litter moisture level (over 30%)
(Erensoy et al. 2021; Sarica et al. 2022). In our study, neither genetic differences nor sex caused any difference
on FPD. However, HB and BB were affected by both genetic background and sex. The higher levels of HB and BB
in ANADOLU-T and sire lines (B1 and B2) were probably due to the fact that these birds were reared in pens with
higher moisture content. Although all pens had the same litter characteristics (litter material, thickness and
management), the reasons for the differences in moisture levels between the pens were not clear. On the other
hand, as reported by Erensoy and Sarica (2023), weak to moderate relationships between BW, HB and BB for
ANADOLU-T pure lines and hybrids and ROSS-308 may also have contributed to this situation.

In broiler chickens, fast growth significantly affects the incidence and severity of VVD deformity, which is
more common in fast-growing broilers than in slow-growing ones (Shim et al. 2012). The VVD was higher in male
birds than in females, in agreement with Leterrier and Nys (1992). In our study, although VV angulation did not
evolve in parallel with the growth rate of the genotypes at 28 days, it was higher in sire lines and hybrids than in
dam lines due to heavier BW at 42 days. However, BW contributed moderately to VVD development only in Al
and ANADOLU-T hybrid at 28 days and ROSS-308 at 42 days, and the variation in VV angulation in other genotypes
was independent of BW. The B1 and B2 lines have been selected for heavier BW, breast yield and feed efficiency
in each generation (Sarica et al. 2016; Erensoy et al. 2020; Erensoy and Sarica, 2022; Erensoy and Sarica, 2023).
In these lines, the BW was not phenotypically associated with VVD at any age, which means that an increase in
BW would not be accompanied by VVD and favor the sustainability of body robustness in the breeding process.
We may also suggest that ANADOLU-T hybrids produced by 4-way crossing from pure lines would allow the
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production of more robust birds despite increased BW, as BW is not associated with VVD at 35 and 42 days.
However, these phenotypic relationships are also influenced by the environment. As a point of emphasis,
previous studies have shown that leg problems are heritable. However, while genetic correlations between leg
problems and growth are contradictory, the magnitude of the association is very low and ranges from slightly
negative to slightly positive (Le Bihan-Duval et al. 1997; Kapell et al. 2012; Rekaya et al. 2013). In this respect, we
underline the importance of exploring the genetic determinism of BW and foot-leg traits in ANADOLU-T pure
lines. This would allow the monitoring of the genetic evolution trend and the degree of correlation with other
traits, and contribute to the success of selection.

GS is a trait that indicates the overall fitness of the overall locomotion system and walking ability of the
bird (Kapell et al. 2017), and the phenotypic expression of this trait may be the result of the complex effect of
BW, VVD, FPD, HB and shank traits. Walking ability deteriorated with advancing age in all genotypes, and males
were worse than females at all ages, in line with Sgrensen et al. (2000) and Rasmussen et al. (2022). The higher
GS at day 28 in the A2 line implies that other factors than BW are involved in the phenotypic expression of GS at
earlier ages. However, the effect of increased BW on GS with advancing age seems to have become more
pronounced (van der Eijk et al. 2023). This is because sire lines and hybrids that were heavier at 42 days also had
higher GS. At 35 days of age, the high (r=0.66), medium (r=0.430) and low (r=0.326) correlations between GS and
VVD in lines A1, A2 and A3, respectively, indicate that improvement in the phenotype of GS would contribute to
reduce VV angulation. However, there was no significant correlation between VVD and GS at any age in sire lines
and hybrids.

CONCLUSIONS

This study revealed the age-related changes in growth, welfare and leg soundness in ANADOLU-T pure
lines and hybrid and ROSS-308 genotype and the correlations between some traits. As expected, sire lines and
hybrids had higher body weight than dam lines from 21 days onwards. Overall poorer welfare and impaired
walking ability were observed in sire lines and hybrids, probably due to their increased BW. On the other hand,
the leg soundness traits, valgus-varus deformity and gait score in ANADOLU-T sire lines could be used as selection
criteria since they were not associated with BW. However, this could be confirmed by further studies to identify
the genetic determinism of the traits and the correlations between them in pure sire lines.

Acknowledgements: The authors wish to thank the workers and technical staff of Eskisehir Transitional
Zone Research Institute, and Ondokuz Mayis University, Faculty of Agriculture, Livestock Research and
Application Farm.

Data availability: Data will be made available upon reasonable request.
Author contributions*: All authors contributed equally to the preparation of the article.
Competing interests.: There is no conflict of interest between the authors in this study.

Ethical statement: The Animal Experiments Local Ethics Committee of Ondokuz Mayis University
approved all the procedures performed in these studies; Approval no: 2022/36, 23.06.2022.

Financial support.: -
Article description: This article was edited by Editor Cagri KANDEMIR.

REFERENCES

Akbas Y, Yalcin S, Ozkan S, Kirkpinar F, Takma C, Gevrekgi Y, Guler HC, Turkmut L. 2009. Heritability estimates of
tibial dyschondroplasia, valgus-varus, foot-pad dermatitis and hock burn in broiler. Arch. Geflugelkd. 73:
1-6.

Averds X, Estevez |. 2018. Meta-analysis of the effects of intensive rearing environments on the performance and
welfare of broiler chickens. Poultry Science 97(11): 3767-3785. https://doi.org/10.3382/ps/pey243

Bessei W. 2006. Welfare of broilers: a review. World's Poultry Science Journal 62(3): 455-466.
https://doi.org/10.1017/50043933906001085

Bradshaw RH, Kirkden RD, Broom DM. 2002. A review of the aetiology and pathology of leg weakness in broilers
in relation to welfare. Avian and Poultry Biology Reviews 13(2): 45-104.

Dawson LC, Widowski TM, Liu Z, Edwards AM, Torrey S. 2021. In pursuit of a better broiler: a comparison of the
inactivity, behavior, and enrichment use of fast-and slower growing broiler chickens. Poultry Science
100(12), 101451. https://doi.org/10.1016/j.psj.2021.101451

158


https://doi.org/10.1017/S0043933906001085
https://doi.org/10.1016/j.psj.2021.101451

Growth, Welfare and Leg Soundness Traits in Broilers

Dixon LM. 2020. Slow and steady wins the race: The behaviour and welfare of commercial faster growing broiler
breeds compared to a commercial slower growing breed. PLoS one 15(4), e0231006.
https://doi.org/10.1371/journal.pone.0231006

Erensoy K, Sarica M, Noubandiguim M, Yamak US, Tekgiiler A, Oztekin YB, Karakdse T. 2019. The relationship
between metatarsus (shank) and some body characteristics in broiler pure line and cross genotypes. XVIII
European Symposium on The Quality of Eggs and Egg Products, izmir, Tiirkiye, 23 - 26 Haziran 2019, pp.
145-149.

Erensoy K, Noubandiguim M, Cilavdaroglu E, Sarica M, Yamak US. 2020. Correlations between breast yield and
morphometric traits in broiler pure lines. Brazilian Journal of Poultry Science 22(01), eRBCA-2019.
https://doi.org/10.1590/1806-9061-2019-1148

Erensoy K, Sarica M, Noubandiguim M, Aslan R. 2021. The effects of intermittent feeding and cold water on
welfare status and meat quality in broiler chickens reared under daily heat stress. Tropical Animal Health
and Production 53(6), 553. https://doi.org/10.1007/s11250-021-02998-4

Erensoy K, Sarica M. 2022. Fast growing broiler production from genetically different pure lines in Turkey. 1.
Parental traits: growth, feed intake, reproduction, and hatching traits. Tropical Animal Health and
Production 54(5), 322. https://doi.org/10.1007/s11250-022-03319-z

Erensoy K, Sarica M. 2023. Fast growing broiler production from genetically different pure lines in Turkey. 2.
Broiler traits: growth, feed intake, feed efficiency, livability, body defects and some heterotic effects.
Tropical Animal Health and Production 55(1), 61. https://doi.org/10.1007/s11250-023-03461-2

Galal A, Ahmed AMH, Ali UM, Younis HH. 2007. Influence of naked neck gene on laying performance and some
hematological parameters of dwarfing hens. International Journal of Poultry Science 6(11): 807-813.
https://doi.org/10.3923/ijps.2007.807.813

Gao Y, Du ZQ, Feng CG, Deng XM, Li N, Da Y, Hu XX. 2010. Identification of quantitative trait loci for shank length
and growth at different development stages in chicken. Animal Genetics 41(1):101-104.
https://doi.org/10.1111/j.1365-2052.2009.01962.x

Gonzalez-Cerdn F, Rekaya R, Anthony NB, Aggrey SE. 2015. Genetic analysis of leg problems and growth in a
random mating broiler population. Poultry Science 94(2): 162-168. https://doi.org/10.3382/ps/peu052

GuoY, Tang H, Wang X, Li W, Wang, Yan F, Kang X, Li Z, Han R. 2019. Clinical assessment of growth performance,
bone morphometry, bone quality, and serum indicators in broilers affected by valgus-varus deformity.
Poultry Science 98(10): 4433-4440. https://doi.org/10.3382/ps/pez269

Guo Y, Huang H, ZhangZ, Ma Y, LiJ, Tang H, Ma H, Li Z, Li W, Liu X, Kang X, Han R. 2022. Genome-wide association
study identifies SNPs for growth performance and serum indicators in Valgus-varus deformity broilers
(Gallus gallus) using ddGBS sequencing. BMC Genomics 23(1), 26. https://doi.org/10.1186/s12864-021-
08236-3

Gulz BC, Molenaar R, De Jong IC, Kemp B, Van Den Brand H, Van Krimpen M. 2019. Effects of dietary organic
minerals, fish oil, and hydrolyzed collagen on growth performance and tibia characteristics of broiler
chickens. Poultry Science 98(12): 6552-6563. https://doi.org/10.3382/ps/pez427

Hartcher KM, Lum HK. 2020. Genetic selection of broilers and welfare consequences: a review. World's Poultry
Science Journal 76(1): 154-167. https://doi.org/10.1080/00439339.2019.1680025

Haslam SM, Knowles TG, Brown SN, Wilkins LJ, Kestin SC, Warriss PD, Nicol CJ. 2007. Factors affecting the
prevalence of foot pad dermatitis, hock burn and breast burn in broiler chicken. British Poultry Science
48(3): 264-275. https://doi.org/10.1080/00071660701371341

Ith P. 2014. Guideline for interpreting correlation coefficient. McSeveny, R. Conway, S. Wilkes, M. Smith (Eds.),
International Mathematics for Middle Year 5, Pearson Australia.
https://www.slideshare.net/phannithrupp/guideline-for-interpreting-correlation-coefficient., Accessed
10th October 2024.

Kapell DNRG, Hill WG, Neeteson AM, McAdam J, Koerhuis ANM, Avendafio S. 2012. Twenty-five years of selection
for improved leg health in purebred broiler lines and underlying genetic parameters. Poultry Science
91(12): 3032-3043. https://doi.org/10.3382/ps.2012-02578

Kapell DNRG, Hocking PM, Glover PK, Kremer VD, Avendaio S. 2017. Genetic basis of leg health and its
relationship with body weight in purebred turkey lines. Poultry Science 96(6): 1553-1562.
https://doi.org/10.3382/ps/pew479

Kestin SC, Knowles TG, Tinch AE, Gregory NG. 1992. Prevalence of leg weakness in broiler chickens and its
relationship with genotype. The Veterinary Record 131(9): 190-194. https://doi.org/10.1136/vr.131.9.190

159


https://doi.org/10.1371/journal.pone.0231006
https://doi.org/10.1590/1806-9061-2019-1148
https://doi.org/10.1007/s11250-021-02998-4
https://doi.org/10.1007/s11250-022-03319-z
https://doi.org/10.1007/s11250-023-03461-2
https://doi.org/10.3923/ijps.2007.807.813
https://doi.org/10.1111/j.1365-2052.2009.01962.x
https://doi.org/10.3382/ps/peu052
https://doi.org/10.3382/ps/pez269
https://doi.org/10.1186/s12864-021-08236-3
https://doi.org/10.1186/s12864-021-08236-3
https://doi.org/10.3382/ps/pez427
https://doi.org/10.1080/00439339.2019.1680025
https://doi.org/10.1080/00071660701371341
https://doi.org/10.3382/ps.2012-02578
https://doi.org/10.3382/ps/pew479
https://doi.org/10.1136/vr.131.9.190

Erensoy

Knowles TG, Kestin SC, Haslam SM, Brown SN, Green LE, Butterworth A, Pope SJ, Pfeiffer D, Nicol CJ. 2008. Leg
disorders in broiler chickens: prevalence, risk factors and prevention. PloS one 3(2), el545.
https://doi.org/10.1371/journal.pone.0001545

Le Bihan-Duval E, Beaumont C, Colleau JJ. 1997. Genetic relationships between twisted legs and growth or
conformation traits in broiler chickens. Journal of Animal Breeding and Genetics 114(1-6): 239-259.
https://doi.org/10.1111/j.1439-0388.1997.tb00510.x

Leterrier C, Nys Y. 1992. Clinical and anatomical differences in varus and valgus deformities of chick limbs suggest
different aetio-pathogenesis. Avian Pathology 21(3): 429-442.
https://doi.org/10.1080/03079459208418861

Pishnamazi A, Renema RA, Zuidhof MJ, Robinson FE. 2008. Effect of initial full feeding of broiler breeder pullets
on carcass development and body weight variation. Journal of Applied Poultry Research 17(4): 505-514.
https://doi.org/10.3382/japr.2008-00062

Rasmussen SN, Erasmus M, Riber AB. 2022. The relationships between age, fear responses, and walking ability
of broiler chickens. Applied Animal Behaviour Science 254, 105713.
https://doi.org/10.1016/j.applanim.2022.105713

Reiter K, Bessei W. 2009. Effect of locomotor activity on leg disorder in fattening chicken. Berliner und munchener
tierarztliche wochenschrift 122(7-8): 264-270. https://doi.org/10.2376/0005-9366-122-264

Rekaya R, Sapp RL, Wing T, Aggrey SE. 2013. Genetic evaluation for growth, body composition, feed efficiency,
and leg soundness. Poultry Science 92(4): 923-929. https://doi.org/10.3382/ps.2012-02649

Sanotra GS, Lund D, Ersbgll AK, Petersen JS, Vestergaard KS. 2001. Monitoring leg problems in broilers: a survey
of commercial broiler production in Denmark. World's Poultry Science Journal 57(1): 55-69.
https://doi.org/10.1079/WPS20010006

Santos MN, Widowski TM, Kiarie EG, Guerin MT, Edwards AM, Torrey S. 2022. In pursuit of a better broiler:
walking ability and incidence of contact dermatitis in conventional and slower growing strains of broiler
chickens. Poultry Science 101(4), 101768. https://doi.org/10.1016/j.psj.2022.101768

Sarica M, Erensoy K, Oguzhan E, Yeter B, Camci O. 2021a. Effects of Male Selection for Body Weight on
Performance of Offsprings in Broiler Pure-Lines. Brazilian Journal of Poultry Science 23(03), eRBCA-2021.
https://doi.org/10.1590/1806-9061-2021-1464

Sarica M, Erensoy K, Ozkan I, Oguzhan E, Caglak S. 2021b. Growth and carcass traits of Anadolu-T broiler pure
lines. Turkish Journal of Agriculture-Food Science and Technology 9(11): 1980-1987.
https://doi.org/10.24925/turjaf.v9i11.1980-1987.4575

Sarica M, Karakog¢ K, Erensoy K. 2022. Effects of varying group sizes on performance, body defects, and
productivity in broiler chickens. Archives Animal Breeding 65(2): 171-181. https://doi.org/10.5194/aab-
65-171-2022

Shim MY, Karnuah AB, Anthony NB, Pesti GM, Aggrey SE. 2012. The effects of broiler chicken growth rate on
valgus, varus, and tibial dyschondroplasia. Poultry Science 91(1): 62-65. https://doi.org/10.3382/ps.2011-
01599

Siegel PB. 2014. Evolution of the modern broiler and feed efficiency. Annual Review of Animal Biosciences 2(1):
375-385. https://doi.org/10.1146/annurev-animal-022513-114132

Singh CB, Jilani MH. 2008. Inheritance of six-week body weight, shank length, keel bone length and breast angle
in broiler chickens. Pantnagar Journal of Research 6(2): 279-280.

Sgrensen P, Su G, Kestin SC. 2000. Effects of age and stocking density on leg weakness in broiler chickens. Poultry
Science 79(6): 864-870. https://doi.org/10.1093/ps/79.6.864

Tallentire CW, Leinonen |, Kyriazakis I. 2018. Artificial selection for improved energy efficiency is reaching its
limits in broiler chickens. Scientific Reports 8(1), 1168. https://doi.org/10.1038/s41598-018-19231-2

van den Brand H, Molenaar R, Klaasen M. 2022. Research Note: Comparing methods to assess Valgus-Varus
deformity in broiler chickens. Poultry Science 101(7), 101907. https://doi.org/10.1016/j.psj.2022.101907

van der Eijk JA, Guzhva O, Schulte-Landwehr J, Giersberg MF, Jacobs L, de Jong IC. 2023. Individuality of a group:
detailed walking ability analysis of broiler flocks using optical flow approach. Smart Agricultural
Technology 5, 100298. https://doi.org/10.1016/j.atech.2023.100298

Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. 2014. Growth, efficiency, and yield of commercial

broilers from 1957, 1978, and 2005. Poultry Science 93(12): 2970-2982. https://doi.org/10.3382/ps.2014-
04291

160


https://doi.org/10.1371/journal.pone.0001545
https://doi.org/10.1111/j.1439-0388.1997.tb00510.x
https://doi.org/10.1080/03079459208418861
https://doi.org/10.3382/japr.2008-00062
https://doi.org/10.1016/j.applanim.2022.105713
https://doi.org/10.2376/0005-9366-122-264
https://doi.org/10.3382/ps.2012-02649
https://doi.org/10.1079/WPS20010006
https://doi.org/10.1016/j.psj.2022.101768
https://doi.org/10.1590/1806-9061-2021-1464
https://doi.org/10.24925/turjaf.v9i11.1980-1987.4575
https://doi.org/10.5194/aab-65-171-2022
https://doi.org/10.5194/aab-65-171-2022
https://doi.org/10.3382/ps.2011-01599
https://doi.org/10.3382/ps.2011-01599
https://doi.org/10.1146/annurev-animal-022513-114132
https://doi.org/10.1093/ps/79.6.864
https://doi.org/10.1038/s41598-018-19231-2
https://doi.org/10.1016/j.psj.2022.101907
https://doi.org/10.1016/j.atech.2023.100298

