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			Abstract | Hatching eggs represent the primary output of broiler breeder flocks and constitute the foundation of hatchery productivity. As breeder flocks age, hatching egg production gradually declines, reducing biological performance and economic efficiency. Therefore, accurately identifying the onset of production decline is essential for determining the optimal economic culling time. This study aimed to estimate the hatching egg production curve and identify the economic decline threshold in broiler breeder flocks using segmented linear regression analysis. Daily production records collected from a commercial broiler breeder farm over 49 consecutive weeks (20–69 weeks of age) were analyzed and compared with a conventional quadratic regression model. The segmented regression model identified a significant breakpoint at 55.2 weeks of age (95% CI: 53.6–56.8 weeks; P < 0.05), after which hatching egg production declined at an average rate of 1.45% per week. Peak production reached 85.6% at 33 weeks of age. Feed consumption per hatching egg increased markedly from 207 g/egg at week 30 to 362 g/egg at week 69, representing a 75% increase in feed required per marketable hatching egg. The segmented regression model provided a better fit to the production data than the quadratic model (R² = 0.91 vs. 0.87). Economic analysis indicated that marginal economic efficiency approached zero at approximately 60.5 weeks of age, suggesting that extending production beyond this point provides minimal economic return. Based on these findings, culling broiler breeder flocks at approximately 60 weeks of age is recommended to maximize production efficiency and economic profitability. The results demonstrate that segmented regression is an effective analytical approach for identifying biological and economic turning points in broiler breeder production and can support evidence-based flock management decisions.
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			Introduction

			Broiler breeder flocks represent a fundamental biological and economic component of the poultry industry, as the productivity of hatcheries and the sustainability of broiler production are largely dependent on the quantity and quality of hatching eggs produced throughout the laying cycle. In breeder hens, egg production follows a distinct age-related pattern, characterized by a rapid increase after sexual maturity, attainment of a production peak, and a subsequent decline as flock age progresses. This decline may adversely affect not only hatching egg production but also hatchability, feed utilization efficiency, flock profitability, and the overall economic sustainability of breeder enterprises. Therefore, accurately determining the appropriate age for flock replacement is a critical management decision in commercial broiler breeder production systems, particularly because extending the productive life of a flock may increase production costs while reducing biological and economic efficiency (Bell and Weaver, 2002; Robinson et al., 2009). Age-related changes in productive performance are commonly accompanied by alterations in metabolic and endocrine functions. Recent evidence has shown that dietary nutritional strategies can improve serum biochemical indices and endocrine status in older laying hens, highlighting the importance of physiological monitoring and nutritional management for maintaining productivity as birds advance in age (Yasser et al., 2026).

			The productive lifespan of broiler breeder hens is influenced by a complex interaction of physiological, nutritional, genetic, environmental, and management factors. Environmental conditions, particularly heat stress, can accelerate production losses by reducing feed intake and impairing reproductive physiology, egg production, and egg quality in poultry (Oluwagbenga and Fraley, 2023). In addition to production and environmental indicators, serum biochemical analyses provide valuable information regarding the physiological status, metabolic activity, and health of poultry flocks. Accurate laboratory evaluation depends not only on the analytical method employed but also on appropriate sample collection and handling procedures. Recent studies demonstrated that blood collection sites and sample preservation conditions can influence the reliability of several biochemical measurements, while automated analytical systems generally provide greater accuracy, consistency, and efficiency than conventional laboratory techniques for routine evaluation of broiler chickens (Al-Salhi, 2025; Al-Salhi et al., 2026a). Accurate characterization of egg production curves has become increasingly important for optimizing breeder flock management and supporting evidence-based decision-making. Mathematical modeling provides an objective framework for describing production dynamics throughout the laying period and identifying critical biological transitions that are not readily detected using conventional descriptive methods. Among the available statistical approaches, segmented linear regression has emerged as a powerful analytical technique because it identifies breakpoints where the rate of production changes significantly. Compared with conventional linear or polynomial regression models, segmented regression offers greater biological interpretability and has been successfully applied to identify threshold responses in agricultural, ecological, and biological systems (Toms and Lesperance, 2003; Muggeo, 2008; Hopper and Brown, 2025).

			From an economic perspective, declining egg production is typically accompanied by reduced feed efficiency and progressively increasing production costs. Although breeder management manuals published by breeding companies provide standard production targets and management recommendations, actual flock performance frequently differs because of variations in genetics, nutrition, environmental conditions, health status, and farm management practices (Cobb-Vantress, 2020; Aviagen, 2022). Recent evidence indicates that advanced nutritional strategies, particularly those incorporating functional and nano-biological feed additives, can improve productive performance, physiological status, nutrient utilization, and intestinal health in poultry. These nutritional approaches have shown promising benefits in both laying hens and broiler chickens, highlighting their potential to support production efficiency and flock health under commercial production conditions (Abaas et al., 2026; Al-Maamouri et al., 2026). Therefore, determining the economically optimal culling age requires flock-specific evaluation based on actual production records rather than exclusive reliance on generalized breeder standards. Recent advances in predictive modeling and machine-learning approaches have further demonstrated the value of production curve analysis for estimating productive longevity and identifying biologically meaningful turning points in broiler breeder flocks (Ji et al., 2025).

			Despite considerable progress in modeling poultry production curves, relatively limited information is available regarding the integration of segmented regression analysis with feed efficiency indicators to determine the biological breakpoint and the corresponding economic culling threshold in commercial broiler breeder flocks. Addressing this knowledge gap could improve production planning and enhance economic decision-making in breeder enterprises. Therefore, the objectives of the present study were to estimate the hatching egg production curve using segmented linear regression analysis, identify the biological breakpoint at which hatching egg production begins to decline rapidly, quantify weekly feed consumption per hatching egg, determine the economic culling threshold based on production efficiency, compare the predictive performance of segmented and quadratic regression models, and evaluate the effects of flock age, ambient temperature, and feed consumption on the rate of production decline beyond the identified breakpoint.	

			Materials and Methods

			Data source and study design

			A descriptive summary of the variables included in the present study is provided in Table 1. The table presents the main production, management, and environmental variables used in the subsequent statistical analyses and production curve modeling, providing an overview of the characteristics of the dataset throughout the production period.

			This study was conducted using production records from a commercial broiler breeder flock throughout the laying period, following the production and management characteristics described for broiler breeder flocks in recent research (Noetzold et al., 2024). The records comprised daily production and management observations covering 20 to 69 weeks of age. Recorded variables included total egg production, hatching egg production, hen-day egg production (HD %), daily feed consumption, ambient temperature, and egg defect rates. At the onset of production, the flock consisted of 15,945 female and 1,560 male breeders. To reduce the influence of daily biological variation and random management-related fluctuations, daily observations were aggregated into weekly averages prior to statistical analysis. Weekly hatching egg production percentage (HE %) was used as the primary response variable for production curve modeling.

			Productive and feed efficiency indicators

			Productive performance and feed utilization efficiency were evaluated using weekly production records. The following indicators were calculated:

			
					Hatching egg production percentage (HE %).

					Feed consumption per hatching egg (g/egg).

					Feed consumption per total egg produced (g/egg).

			

			Because egg production during the onset of lay is characterized by rapid physiological adaptation and considerable day-to-day variation, observations collected during weeks 20–22 were excluded from breakpoint analysis. This approach minimized potential bias and allowed more accurate characterization of the mature production phase.

			Production curve modeling

			The hatching egg production curve was modeled using segmented linear regression to identify the biological breakpoint at which egg production shifted from a relatively stable phase to a period of accelerated decline. Breakpoint estimation was performed using the iterative algorithm described by Muggeo (2008), which has been widely applied for detecting structural changes in biological datasets.

			To evaluate model performance, segmented regression was compared with a conventional quadratic regression model. Goodness-of-fit was assessed using the coefficient of determination (R²), Akaike’s Information Criterion (AIC), and Bayesian Information Criterion (BIC), with lower AIC and BIC values indicating superior model performance (Toms and Lesperance, 2003; Muggeo, 2008).

			Economic threshold analysis

			An economic evaluation was performed to determine the practical culling threshold based on changes in hatching egg production and feed utilization efficiency throughout the laying cycle. Weekly income generated from marketable hatching eggs was compared with feed costs and fixed production expenses to estimate weekly profitability. The economic culling threshold was defined as the age beyond which maintaining the flock no longer resulted in a meaningful economic return, indicating diminishing marginal profitability (Bell and Weaver, 2002).

			Table 1: Descriptive statistics of the variables included in the production curve analysis.

			
				
					
					
					
					
					
					
				
				
					
							
							Variable

						
							
							Mean

						
							
							Median

						
							
							SD

						
							
							Minimum

						
							
							Maximum

						
					

					
							
							Hatching egg production (HE, %)

						
							
							83.2

						
							
							85.1

						
							
							10.8

						
							
							47.2

						
							
							94.8

						
					

					
							
							Hen-day egg production (HD, %)

						
							
							84.6

						
							
							86.2

						
							
							10.2

						
							
							49.2

						
							
							95.6

						
					

					
							
							Total weekly egg production (eggs)

						
							
							72,450

						
							
							74,200

						
							
							12,450

						
							
							45,070

						
							
							89,260

						
					

					
							
							Weekly hatching egg production (eggs)

						
							
							68,200

						
							
							70,100

						
							
							11,200

						
							
							40,560

						
							
							83,438

						
					

					
							
							Weekly feed consumption (kg)

						
							
							7,150

						
							
							7,200

						
							
							1,050

						
							
							5,800

						
							
							8,140

						
					

					
							
							Female feed intake (g/bird/day)

						
							
							158.4

						
							
							158.0

						
							
							4.2

						
							
							150.0

						
							
							168.0

						
					

					
							
							Egg weight (g)

						
							
							67.2

						
							
							67.5

						
							
							2.1

						
							
							63.2

						
							
							70.1

						
					

					
							
							Ambient temperature (°F)

						
							
							87.4

						
							
							88.0

						
							
							4.8

						
							
							78.0

						
							
							98.0

						
					

				
			

			Summarizes the descriptive statistics of the variables included in the analysis. Weekly hatching egg production averaged 83.2%, whereas hen-day egg production averaged 84.6%. Feed intake, egg weight, and ambient temperature showed relatively low variability throughout the production cycle, providing a reliable dataset for subsequent production curve modeling and breakpoint estimation.

			Table 2: Key parameters of the hatching egg production curve and segmented regression model. 

			
				
					
					
					
				
				
					
							
							Parameter

						
							
							Estimate

						
							
							Interpretation

						
					

					
							
							Peak hatching egg production (%)

						
							
							85.6

						
							
							Maximum production reached at 33 weeks of age

						
					

					
							
							Peak production age (weeks)

						
							
							33.0

						
							
							Age at maximum production

						
					

					
							
							Estimated breakpoint (weeks)

						
							
							55.2

						
							
							Biological onset of accelerated production decline

						
					

					
							
							95% Confidence interval

						
							
							53.6–56.8

						
							
							Confidence interval for the breakpoint estimate

						
					

					
							
							Production decline after breakpoint

						
							
							1.45% per week

						
							
							Weekly reduction in hatching egg production

						
					

					
							
							Model significance

						
							
							P < 0.001

						
							
							Significant segmented regression model

						
					

					
							
							Segmented regression (R²)

						
							
							0.91

						
							
							Model goodness-of-fit

						
					

					
							
							Quadratic regression (R²)

						
							
							0.87

						
							
							Goodness-of-fit of comparison model

						
					

					
							
							Difference in AIC

						
							
							−12.8

						
							
							Segmented model outperformed the quadratic model

						
					

				
			

			Correlation analysis

			Pearson correlation analysis was performed to evaluate the relationships among flock age, ambient temperature, and daily feed consumption, hatching egg production percentage, and feed consumption per hatching egg. These analyses were conducted to identify the biological and environmental factors associated with the rate of production decline after the estimated breakpoint.

			Statistical analysis

			Statistical analyses were performed using R software (Version 4.2.1; R Core Team, 2022). Segmented regression models were fitted using the segmented package following the iterative procedure proposed by Muggeo (2008). Quadratic regression analysis was conducted to compare model performance with the segmented approach. Pearson correlation coefficients were calculated to evaluate relationships among production and environmental variables. Model adequacy was assessed using the coefficient of determination (R²), Akaike’s Information Criterion (AIC), Bayesian Information Criterion (BIC), and likelihood ratio tests where appropriate. Statistical significance was declared at P < 0.05.

			Results and Discussion

			Hatching egg production dynamics and breakpoint identification 

			The segmented regression analysis accurately characterized the biological pattern of hatching egg production throughout the laying cycle (Table 2). Hatching egg production increased rapidly after the onset of lay, reaching a maximum of 85.6% at 33 weeks of age. Thereafter, production remained relatively stable until approximately 55.2 weeks, when a statistically significant breakpoint (95% CI: 53.6–56.8 weeks; P < 0.05) indicated the onset of accelerated production decline. Beyond this point, hatching egg production decreased by an average of 1.45% per week, reflecting progressive reproductive aging. Furthermore, the segmented regression model demonstrated superior goodness-of-fit (R²= 0.91) compared with the conventional quadratic regression model (R²= 0.87), indicating that segmented regression more accurately captured the biological transition between stable production and age-related decline.

			The identified production pattern agrees with previous reports describing the typical laying curve of broiler breeder hens, in which production increases rapidly after sexual maturity, reaches a peak during early lay, and subsequently declines because of age-related reductions in ovarian activity, endocrine function, and nutrient utilization (Bell and Weaver, 2002; Robinson et al., 2009). Similar applications of segmented regression have demonstrated that breakpoint analysis provides biologically meaningful estimates of structural changes in animal production systems and often outperforms conventional polynomial models (Muggeo, 2008; Hopper and Brown, 2025). Consequently, the estimated breakpoint at 55.2 weeks represents a practical biological indicator for monitoring breeder flock performance and anticipating subsequent productivity losses.

			Feed utilization efficiency and economic implications

			Feed utilization efficiency deteriorated progressively as flock age advanced (Table 3). Feed consumption per hatching egg increased from 207 g/egg at 30 weeks of age to 362 g/egg at 69 weeks, representing a 75% increase in feed required to produce each marketable hatching egg. This deterioration reflects the combined effects of declining egg production and increasing maintenance requirements in aging breeder hens. Economic analysis further indicated that marginal economic returns declined substantially after approximately 60.5 weeks of age, supporting a recommended flock replacement age of around 60 weeks.

			These findings are consistent with breeder management recommendations indicating that economic performance depends not only on egg production but also on feed efficiency and production costs (Cobb-Vantress, 2020; Aviagen, 2022). As breeder hens age, maintenance energy requirements increase while productive efficiency declines, leading to progressively higher feed costs per hatching egg. Therefore, extending the laying cycle beyond the identified economic threshold is unlikely to provide sufficient financial benefit under typical commercial production conditions. In addition to optimizing feed efficiency, maintaining the health and immune competence of breeder flocks is essential for sustaining productive performance throughout the laying cycle. 

			Table 3: Feed utilization efficiency and economic threshold during the laying cycle.

			
				
					
					
				
				
					
							
							Variable

						
							
							Value

						
					

					
							
							Feed consumption per hatching egg (Week 30)

						
							
							207 g/egg

						
					

					
							
							Feed consumption per hatching egg (Week 69)

						
							
							362 g/egg

						
					

					
							
							Relative increase

						
							
							75%

						
					

					
							
							Marginal economic efficiency threshold

						
							
							60.5 weeks

						
					

					
							
							Recommended culling age

						
							
							60 weeks

						
					

				
			

			Integrated interpretation of biological and economic findings

			Table ٤ and Figure ١ provide an integrated overview of the biological and economic progression of broiler breeder performance throughout the laying cycle. Peak production occurred at approximately ٣٣ weeks of age, followed by a relatively stable production phase before the biological breakpoint at ٥٥.٢ weeks. After this transition, reproductive performance declined steadily, accompanied by reduced feed utilization efficiency and increasing production costs. Collectively, these responses culminated in an economic decision threshold at approximately ٦٠ weeks, beyond which continued flock retention was no longer economically justified.

			The conceptual framework presented in Figure ١ illustrates how biological aging influences productive performance and economic sustainability simultaneously. Rather than relying solely on chronological age, the integration of production dynamics, breakpoint analysis, and feed utilization efficiency provides a more objective framework for flock management decisions. Effective flock management should also incorporate sustainable environmental and biosecurity practices to improve overall production efficiency. Integrating waste valorization technologies, including the conversion of poultry manure and organic food waste into natural antibacterial agents and disinfectants, may contribute to improved farm sanitation, reduced environmental contamination, and enhanced sustainability of commercial poultry production systems. Such integrated management approaches complement production-based decision-making by supporting healthier production environments and more efficient resource utilization (Al-Salhi et al., ٢٠٢٥a; Naser et al., ٢٠٢٥). Similar integrated analytical approaches have recently been recommended for precision poultry production, as they enhance decision-making by combining biological performance with economic evaluation (Ji et al., ٢٠٢٥; Oluwagbenga and Fraley, ٢٠٢٣). Consequently, segmented regression combined with feed efficiency indicators offers a practical and evidence-based tool for optimizing flock replacement strategies in commercial broiler breeder operations. These findings also support the growing transition toward sustainable poultry production systems, where data-driven decision-making, efficient resource utilization, and adaptive management strategies are integrated to improve productivity, resilience, and long-term sustainability under commercial production conditions (Al-Maamouri et al., ٢٠٢٦). Beyond production modeling, sustainable poultry farming increasingly relies on integrating environmental management with technological innovations. Biological treatment of poultry waste, smart environmental monitoring systems, and sustainable resource utilization can improve farm biosecurity, reduce environmental impacts, and support long-term production sustainability, complementing data-driven management strategies in modern poultry production (Al-Salhi et al., ٢٠٢٥b, ٢٠٢٦b; Alabresm et al., ٢٠٢٦). In addition to nutrition and environmental management, maintaining high drinking water quality is an essential component of successful poultry production. Adequate water quality supports bird health, feed utilization, and productive performance, whereas microbial or chemical contamination may adversely affect flock productivity. Household and farm water purification systems can therefore play an important role in improving water quality and supporting sustainable poultry management (Mohammed et al., ٢٠٢٦).

			Table 4: Summary of the principal biological and economic findings.

			
				
					
					
					
				
				
					
							
							Finding

						
							
							Result

						
							
							Practical implication

						
					

					
							
							Production peak

						
							
							33 weeks

						
							
							Maximum biological productivity

						
					

					
							
							Biological breakpoint

						
							
							55.2 weeks

						
							
							Beginning of rapid production decline

						
					

					
							
							Production decline

						
							
							1.45% per week

						
							
							Progressive reproductive aging

						
					

					
							
							Feed efficiency

						
							
							Declined markedly with age

						
							
							Increased production cost

						
					

					
							
							Best statistical model

						
							
							Segmented regression

						
							
							Better fit than quadratic regression

						
					

					
							
							Economic threshold

						
							
							60.5 weeks

						
							
							Minimal additional economic return

						
					

					
							
							Recommended flock culling

						
							
							60 weeks

						
							
							Maximizes profitability
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			Figure 1: Hatching egg production and economic thresholds in broiler breeder flocks.

			Conclusions

			Segmented regression effectively characterized the hatching egg production curve and accurately identified the biological breakpoint at 55.2 weeks of age in broiler breeder flocks. Hatching egg production declined by an average of 1.45% per week beyond this point, accompanied by a substantial reduction in feed utilization efficiency. Economic analysis indicated that maintaining flocks beyond approximately 60 weeks provided limited additional economic return. Therefore, flock replacement at around 60 weeks is recommended to maximize production efficiency and profitability. These findings demonstrate that segmented regression is a valuable decision-support tool for optimizing commercial broiler breeder management.
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Abstract | Hatching eggs represent the primary output of broiler breeder flocks and constitute the foundation

of hatchery productivity. As breeder flocks age, hatching egg production gradually declines, reducing biological

performance and economic efficiency. Therefore, accurately identifying the onset of production decline is essential

for determining the optimal economic culling time. This study aimed to estimate the hatching egg production curve

and identify the economic decline threshold in broiler breeder flocks using segmented linear regression analysis. Daily

production records collected from a commercial broiler breeder farm over 49 consecutive weeks (20-69 weeks of
age) were analyzed and compared with a conventional quadratic regression model. The segmented regression model

identified a significant breakpoint at 55.2 weeks of age (95% CI: 53.6-56.8 weeks; P < 0.05), after which hatching egg.

production declined at an average rate of 1.45% per week. Peak production reached 85.6% at 33 weeks of age. Feed

consumption per hatching egg increased markedly from 207 g/egg at week 30 to 362 g/egg at week 69, representing a

75% increase in feed required per marketable hatching egg. The segmented regression model provided a better fit to the

production data than the quadratic model (R* = 0.91 vs. 0.87). Economic analysis indicated that marginal economic

efficiency approached zero at approximately 60.5 weeks of age, suggesting that extending production beyond this

point provides minimal economic return. Based on these findings, culling broiler breeder flocks at approximately 60

weeks of age is recommended to maximize production efficiency and economic profitability. The results demonstrate

that segmented regression is an effective analytical approach for identifying biological and economic turning points in

broiler breeder production and can support evidence-based flock management decisions.

Keywords | Broiler breeders, Breakpoint analysis, Economic culling, Hatching egg production, Production curve,
Segmented regression
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INTRODUCTION the productivity of hatcheries and the sustainability of
broiler production are largely dependent on the quantity
Broilerbreeder flocks represent a fundamental biological and quality of hatching eggs produced throughout the

and economic component of the poultry industry, as laying cycle. In breeder hens, egg production follows
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