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This study investigates key physiological, genetic, and environmental factors influencing maternal success in sheep to enhance lamb survival and maternal quality. Using data from native and crossbred prolific ewes in a high-altitude, cold-climate region, we applied machine learning models to predict mothering scores based on dam characteristics, birth conditions, and lamb attributes. Pregnant ewes were monitored 24 hours per day, beginning three days before parturition, with minimal human intervention. Predictor variables included dam breed, body weight, age, litter size, lamb genotype, lambing season, time of lambing, parturition duration, and lambing assistance. Several machine learning algorithms, including Random Forest, Decision Trees, Logistic Regression, and Support Vector Machines (SVM), were evaluated for predictive accuracy. The Random Forest model achieved the highest accuracy (67.2%) and demonstrated the best overall performance with a 0.41 Kappa statistic and the lowest mean absolute error (0.59). Feature importance analysis identified dam weight at birth, parturition duration, and lamb birth weight as the strongest predictors of maternal success. The Decision Tree model highlighted time of lambing, lamb genotype, and lambing assistance as key decision points for classifying mothering ability. Further analysis revealed that shorter parturition durations (≤ 38 min), unassisted lambing, and smaller litter sizes were associated with higher mothering scores. Breed-specific maternal differences were also observed, with crossbred prolific ewes exhibiting stronger maternal instincts. These findings provide actionable insights for precision livestock farming, emphasizing the importance of genetic selection, birthing management, and environmental monitoring to enhance maternal efficiency and lamb survival.
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1 Introduction

It is well-documented that maternal effects play a highly significant role in offspring, even though in sexually reproducing animals, both parents are equally likely to affect the phenotype of offspring (Chenoweth et al., 2014). It has been emphasized that the offspring’s phenotype can be substantially influenced by the parental phenotype, with significant impacts on growth, survival, and adaptation, since mothers are able to transfer important information about the environment to their offspring (Räsänen and Kruuk, 2007). Neonate survival is dependent on the coordinated expression of appropriate behaviors from both the mother and the lamb, and these behavioral interactions are much more important for prolific sheep with larger litter sizes (Dwyer, 2003; Welsh et al., 2006; Everett-Hincks et al., 2004; Thonney et al., 2007).

Maternal quality in sheep is a multifaceted concept that encompasses various aspects of an ewe’s ability to provide care and support for her offspring. Some of the key factors that contribute to maternal quality include reproductive performance, milk production, and maternal behavior. Reproductive performance is a crucial component of maternal quality, as it determines the ewe’s ability to conceive, carry, and deliver healthy lambs. Factors such as body condition, prolificacy, and the management of breeding and lambing processes can all influence an ewe’s reproductive performance and, by extension, her maternal quality (Gibbons et al., 2019). Ultimately, the ewe’s maternal behavior, encompassing her capacity to bond with her lambs, offer sufficient care and safe-guarding, and respond to their needs, represents a pivotal element of maternal quality.

The Awassi breed, classified as a dairy sheep, is renowned for its high milk production and exceptional adaptability to hot and arid climates (Gootwine, 2011). These sheep possess a calm temperament, primarily due to their frequent handling by humans for milking and dairy management, making them easier to manage in intensive production systems (Galal et al., 2008). Their strong maternal instincts and high milk yield contribute positively to lamb survival and growth. The Morkaraman breed, categorized as a local fat-tailed sheep, is native to the mountainous regions of Eastern Anatolia and exhibits strong resilience to extreme environmental conditions (Akçapınar, 2000; Gürsoy, 2006). Morkaraman sheep are characterized by good temperament and adaptability to extensive grazing systems, which make them a preferred breed in semi-arid and cold environments. Their maternal ability and hardiness allow them to perform well under traditional flock management conditions. Pure and crossbred Romanov ewes belong to the prolific sheep category, renowned for their exceptional reproductive efficiency, early sexual maturity, and high lambing rates (Kutluca et al., 2011). Originating from Russia, the Romanov breed is highly valued for its ability to produce multiple lambs per lambing cycle, significantly enhancing flock productivity (Bodin, 2018). The Tuj breed, classified as a high temperament sheep, is indigenous to cold, high-altitude regions of Turkey and the Caucasus (Karakuş, 2010). Due to the harsh climate and limited feed resources in their native habitat, Tuj sheep exhibit distinct adaptive traits and breeding potential shaped by their environment (Aydin et al., 2024). While their strong survival instincts and robustness make them well-suited for extensive grazing systems, their temperament requires careful handling in intensive production environments. These behavioral and environmental adaptations significantly influence maternal qualities, lamb survival, and flock management strategies. Understanding the specific characteristics of each breed allows for improved selection strategies, management practices, and breeding programs tailored to optimize maternal performance and reproductive success.

Machine learning and animal breeding share key objectives, particularly in prediction, making ML algorithms highly relevant for genomic prediction (Hamadani and Ganai, 2023). In the context of lamb survival, ML methods can analyze large datasets to identify influential factors, aiding in assumption development and informed decision-making (González-Recio and Forni, 2011). Additionally, ML has significant potential in assessing maternal quality in sheep, offering valuable insights for livestock management. Various algorithms, including regression models, decision trees, and neural networks, have been explored to enhance predictive accuracy and decision-making (Hamadani and Ganai, 2023; Fogarty et al., 2021).

This study aimed to apply advanced machine learning algorithms to identify and analyze the key physiological, genetic, and environmental factors influencing maternal quality in sheep. By focusing on predicting mothering scores based on dam characteristics, birth conditions, and lamb attributes, the research sought to enhance the understanding of maternal success. The objective was to develop data-driven insights that could support informed decision-making in sheep breeding and management, ultimately contributing to improved reproductive efficiency and maternal care strategies in precision livestock farming.




2 Materials and methods



2.1 Study area and animals

This study was conducted in Eastern Anatolia, Turkey, at an altitude of 1,850 meters above sea level, where sheep are traditionally managed under semi-intensive production systems. The region is characterized by long, harsh winters, with temperatures ranging from -10°C to -20°C in January, and short, mild summers, with temperatures between 15°C and 25°C in July. Annual precipitation varies between 400–600 mm, with significant snowfall during the winter months.

The study was carried out over the 2016–2017 lambing seasons, covering spring (March–May), summer (June–August), autumn (September–November), and winter (December–February). Ewes were housed in a semi-open system, designed to provide protection from extreme weather conditions while allowing natural ventilation and outdoor access. Lambing took place in a controlled shed environment designed to provide optimal conditions for maternal care and neonatal survival. Pregnant ewes were fed alfalfa hay and a balanced concentrate ration, formulated to meet their nutritional requirements during late gestation and early lactation. Fresh water was provided ad libitum. Prior to the study, comprehensive health checks were conducted to ensure all ewes were clinically healthy, maintaining a uniform health status across the flock.

The dataset comprised 314 lambs from individual lambing events, representing four distinct breed categories: Awassi (n = 52) as a dairy breed, Morkaraman (n = 68) as a local fat-tailed breed, Romanov and its crossbreeds (n = 23) as prolific breeds, and Tuj (n = 78) as a high-temperament breed. Estrus synchronization protocols were applied to standardize mating periods for synchronized lambing. Ewes were assigned to one of three breeding strategies: (1) natural mating with sires of the same breed to maintain genetic integrity for the lambs (106 lambs), (2) laparoscopic artificial insemination (AI) with frozen Romanov semen for crossbreeding fat-tailed dams to enhance lamb vigor in the crossbred lambs (141 lambs), and (3) frozen embryo transfer (ET), where ewes acted as surrogate mothers for Charollais (25 lambs) and Romanov (42 lambs) embryos, ensuring no genetic relationship between the recipient dams and the resulting lambs. These breeding strategies facilitated the evaluation of maternal responses to different lamb genotypes, with a focus on maternal behavior, lambing duration, and birth assistance requirements under controlled production conditions.

The dataset includes 12 variables, which are categorized into dam-related factors (e.g., dam breed, dam age, dam weight at birth, lambing assistance) and lamb-related factors (e.g., lamb birth weight, lamb genotype, litter size, lamb sex). Additionally, environmental factors such as lambing season and time of lambing were incorporated to assess their influence on maternal score (Table 1).


Table 1 | Overview of variables and descriptions for predicting mothering score.






2.2 Maternal traits and behavior monitoring

Maternal behaviors were evaluated through structured observations conducted by researchers trained by the methodology described by Dwyer (2003) to ensure standardized assessment with minimal interference. Observations were carried out in three daily shifts, each lasting eight hours, starting three days before parturition and continuing until 48 hours post-parturition. Researchers closely monitored key maternal behaviors, including lamb grooming, standing to allow suckling, maternal vocalizations, and responsiveness to lamb distress, while providing assistance only when necessary to ensure the welfare of the ewe and lamb. To ensure scoring consistency and minimize subjective bias, two researchers were assigned to each shift, and scores were cross-validated. Any discrepancies in scoring were resolved through consensus discussions.

Maternal care quality was assessed using a standardized behavioral scoring system based on observable ewe-lamb interactions, following the methodology described by Dwyer (2003) and Emsen et al. (2012). Maternal behavior was classified into three levels: Score 1 (Low Maternal Care): The ewe kicks or butts the lamb, actively preventing suckling, displaying rejection behaviors such as avoiding the lamb, showing aggression, or failing to engage in maternal care. The ewe does not respond to lamb distress and does not attempt to bond with the newborn; Score 2 (Medium Maternal Care): The ewe approaches the lamb but does not initiate physical contact and may circle or move away when the lamb attempts to suckle. Maternal responses are inconsistent or passive, with limited grooming and delayed acceptance of the lamb. The ewe may allow suckling but does not actively facilitate it; Score 3 (High Maternal Care): The ewe gets up within three minutes of lamb expulsion, vigorously grooms the lamb, stays in close proximity, and actively facilitates suckling by standing still and allowing the lamb to latch. The ewe exhibits strong maternal instincts, frequently vocalizing to the lamb and responding immediately to lamb distress. Additional qualitative observations were recorded during the 48 hours following parturition, categorizing behaviors such as vocalization type (low-pitched, high-pitched, or none), lamb rejection (present or absent), prolonged lying, and aggressive responses towards lambs or researchers. These behavioral traits were systematically documented and incorporated into the maternal behavior scoring system to provide a comprehensive assessment of maternal success. The structured observation period allowed for a detailed evaluation of early ewe-lamb interactions, ensuring the identification of both positive and negative maternal responses. A complete list of qualitative variables is provided in Appendix 1.




2.3 Machine learning analysis

Machine learning classification models were implemented using Python-based frameworks, ensuring efficient data processing, model training, and evaluation. These models were applied to classify maternal success and predict lamb survival based on maternal behavioral traits, physiological parameters, and environmental factors. The dataset included variables such as dam breed, dam body weight at lambing, dam age, litter size at birth, lamb genotype, lamb sex, parturition duration, time of lambing, and lambing assistance. To ensure consistency and optimal model performance, the dataset underwent preprocessing before model training. Categorical variables (e.g., dam breed, lambing season, lamb genotype) were one-hot encoded, while binary categorical variables (e.g., lamb sex) were numerically transformed. Continuous variables (e.g., dam body weight, parturition duration, and lamb birth weight) were normalized to standardize input data. Missing values were handled through imputation, with the mean used for continuous variables and the mode for categorical variables.

A set of classification algorithms was applied, including Random Forest, Decision Tree, Support Vector Machines (SVM), and Logistic Regression, to determine the most effective approach for predicting maternal success. Model performance was evaluated using accuracy, precision, recall, F1-score, and the Kappa statistic. A 10-fold cross-validation procedure was implemented to assess model reliability and prevent overfitting. To optimize predictive performance, hyperparameter tuning was performed using a grid search approach, adjusting parameters such as the number of trees (Random Forest), maximum tree depth, and minimum samples per split (Decision Tree). Feature importance was assessed using Random Forest, which ranks predictors based on their contribution to classification accuracy. Additionally, a Decision Tree model was applied to interpret hierarchical decision-making patterns in maternal success classification.

This study was conducted in accordance with the guidelines for the care and use of animals and was approved by the Institutional Review Board of Atatürk University (protocol code 118, approval date 30.06.2016).





3 Results

The classification models used to predict maternal ability varied in their performance, as summarized in Table 2. The Random Forest model achieved the highest classification accuracy (67.2%), followed by the Decision Tree (60.5%), Logistic Regression (58.7%), and Support Vector Machine (55.9%). The Random Forest model also had the highest Kappa statistic (0.41), indicating moderate agreement between predicted and actual mothering scores, whereas the Kappa values for the Decision Tree (0.32), Logistic Regression (0.30), and SVM (0.27) were lower, reflecting greater misclassification.


Table 2 | Performance metrics of classification algorithms in predicting mothering score in sheep.



In terms of error metrics, the Random Forest model had the lowest mean absolute error (0.50) and root mean squared error (1.01), indicating superior predictive precision. In contrast, the Decision Tree model exhibited higher error rates, with a mean absolute error of 0.78 and a root mean squared error of 1.12, suggesting a less accurate classification. Logistic Regression performed slightly better than the Decision Tree, while SVM had the highest relative absolute error (83.6%), demonstrating the least effective performance. These findings confirm that ensemble learning methods, such as Random Forest, provide better generalization and robustness in classifying maternal behavior.

Feature importance analysis within the Random Forest model identified dam weight at birth as the most influential predictor of mothering ability, followed by parturition duration and lamb birth weight (Figure 1). This suggests that larger and healthier dams exhibit better maternal behaviors, potentially due to enhanced metabolic reserves and overall robustness. Similarly, lamb birth weight was among the top predictors, with heavier lambs exhibiting stronger maternal interactions. This supports the hypothesis that larger lambs are more viable, have a stronger suckling drive, and receive better maternal attention, reducing rejection risks. Additionally, shorter labor durations were associated with higher maternal scores, indicating that prolonged labor may negatively affect maternal bonding and postnatal care.




Figure 1 | Feature importance analysis of top 10 predictors of mothering score.



Other notable predictors included dam age, lambing season, and genetic background. Older ewes exhibited higher mothering scores, supporting the hypothesis that maternal experience enhances caregiving behaviors. The season of birth also influenced maternal ability, with lambs born in spring showing better maternal care, likely due to favorable environmental conditions and improved feed availability. Genetic factors played a role, as dam breed and lamb genotype significantly contributed to model predictions, suggesting that maternal behavior exhibits a strong hereditary component. Notably, Local Fat-Tailed breeds demonstrated a strong association with improved mothering scores. This could be linked to evolutionary adaptations in native breeds, which may have developed superior maternal instincts to cope with farming conditions. Interestingly, time of lambing and lambing assistance also emerged as relevant factors. Lambing during specific times of the day was linked to better maternal scores, possibly due to circadian rhythms or hormonal influences on parturition timing. Night-time lambing may be an adaptive behavior to minimize predation risks or align with circadian rhythms influencing oxytocin release. Additionally, ewes requiring birthing assistance showed weaker maternal behaviors, reinforcing the importance of early intervention and dystocia management in optimizing maternal success. Additionally, litter size (twin-bearing ewes) was identified as a relevant factor. Twin lambs compete for maternal resources, potentially impacting maternal responsiveness and suckling success. This finding suggests that nutritional supplementation and management interventions could help optimize maternal care in multiple births.

The Decision Tree model provided a structured classification of maternal ability, identifying the most critical decision rules for predicting mothering scores (Figure 2). Time of lambing emerged as the primary decision node, indicating that birth timing strongly influences maternal success. Lambing occurring during specific periods was associated with higher maternal care scores, possibly due to hormonal and environmental factors regulating parturition. The next key decision rule involved lamb genotype, which significantly influenced ewe responses. The tree further branched based on dam age and parturition duration, highlighting that ewes younger than 6.5 years and shorter labor durations (<38 min) were associated with better maternal performance. Additionally, lambing assistance was a critical determinant, as unassisted births were more likely to result in stronger mothering behaviors.




Figure 2 | Decision tree depicting key predictors of maternal success in sheep.



Breed-related influences were also evident, as seen in the final decision branches, which included dam breed category and litter size. Smaller litter sizes (e.g., single and twin lambs) were associated with higher maternal care scores, likely due to reduced competition for maternal resources. These findings highlight the complex interplay of physiological, genetic, and environmental factors in determining maternal success. The results underscore the importance of selective breeding and targeted reproductive management strategies to improve maternal success and lamb survival.




4 Discussion

The findings of this study provide valuable insights into the factors influencing maternal ability in sheep, with direct implications for flock management and breeding programs. The feature importance analysis identified dam weight at birth, parturition duration, and lamb birth weight as the most significant predictors of mothering ability. These results align with previous studies indicating that maternal body condition, birth-related stress, and neonatal viability are key determinants of successful mothering behaviors in livestock (Dwyer, 2008; Cloete and Scholtz, 1998). Dam weight at birth emerged as the strongest predictor of maternal ability, suggesting that larger dams develop superior maternal instincts and provide better care for their offspring. This finding is consistent with research indicating that ewe body condition is positively correlated with milk production, lamb viability, and maternal attentiveness (Nowak and Poindron, 2006). Moreover, older ewes demonstrated stronger maternal behaviors, reinforcing the notion that maternal experience plays a significant role in lamb survival and ewe-lamb bonding (Dwyer and Lawrence, 2005).

Parturition duration was another major predictor, with longer labor times associated with lower mothering scores. Prolonged labor can lead to increased stress, fatigue, and delayed maternal bonding, which may result in higher lamb rejection rates and lower suckling success (Mora-Medina et al., 2016). These findings highlight the importance of monitoring dystocia cases and providing timely intervention to support maternal responsiveness postpartum.

Lamb birth weight was a key determinant of mothering success, with heavier lambs receiving stronger maternal care. This supports prior studies suggesting that larger lambs have higher survival rates due to improved thermoregulation and stronger suckling reflexes (Dwyer et al., 2016). The role of lambing season in maternal success was also evident, with ewes lambing in Spring exhibiting better maternal scores than those lambing in Winter, likely due to more favorable environmental conditions and improved nutritional availability (Nowak, 1996). Breed-specific differences further shaped maternal behaviors. Local fat-tailed breeds, such as Morkaraman, exhibited stronger maternal responses compared to prolific breeds like Romanov, which aligns with prior research indicating that highly prolific breeds often require more human intervention due to weaker maternal instincts (Cloete and Scholtz, 1998). The Decision Tree model highlighted the influence of time of lambing on mothering success, reinforcing the idea that hormonal cycles and natural rhythms may influence parturition timing and subsequent maternal responses (Dwyer, 2013).

The application of machine learning in maternal behavior assessment demonstrates the potential for precision livestock farming (PLF) technologies to improve reproductive management. The high predictive power of the Random Forest model suggests that data-driven selection of maternal traits can optimize flock productivity and lamb survival. However, as noted in previous studies, machine learning models alone cannot fully capture the complexity of maternal care (Goursaud and Nowak, 1999). Future studies should integrate real-time behavioral monitoring, hormonal profiling, and sensor-based tracking to enhance the accuracy of maternal assessments (Mora-Medina et al., 2016).

While the models successfully identified key predictors, maternal behavior is a multifaceted trait influenced by various environmental, physiological, and genetic interactions. The current approach did not include hormonal indicators of maternal stress or oxytocin levels, which have been shown to influence ewe-lamb bonding and milk production (Keverne et al., 1992). Future studies should incorporate biological markers alongside behavioral observations to refine predictive models further.




5 Conclusion

This study demonstrates that maternal ability in sheep is significantly influenced by dam weight at birth, parturition duration, lamb birth weight, and breed-specific traits. The Random Forest model proved to be the most reliable machine learning algorithm for predicting maternal success, offering potential applications in selective breeding and reproductive management strategies. However, the findings also highlight the need for a holistic approach that combines data-driven insights with qualitative behavioral assessments to capture the full complexity of maternal care. Future research should explore integrating real-time monitoring, hormonal profiling, and environmental factors to further refine predictive frameworks and enhance precision livestock farming applications.
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Decision Tree - Top 3 Rules

Time of lambing <= 0.5
gini = 0.634
samples = 151
value = [109, 49, 76]
class = High

Lamb Genotype <= 0.5 Lambing Assitance <= 0.5
gini = 0.629 gini = 0.621
samples = 80 samples = 71
value = [63, 32, 33] value = [46, 17, 43]
class = High class = High

Dam age <= 6.5
gini = 0.545
samples = 42

value = [39, 6, 22]

Parturation Duration <= 38.0 Dam Breed Cathegory <= 0.5 Litter Size <= 1.5
gini = 0.631 gini = 0.584 gini = 0.614
samples = 38 samples = 52 samples = 19

value = [24, 26, 11] value = [40, 9, 28] value = [6, 8, 15]

class = High class = Low class = High class = Medium





OEBPS/Images/table2.jpg
Correctly Classified  Kappa Statistic Mean Absolute Root Mean Relative Absolute

e Instances (%) Error Squared Error Error
RandomForest 672 0.41 0.50 1.01 712
Decision Tree 60.5 032 078 L12 10135
Logistic Regression 58.7 0.30 0.59 0.85 60.3
SVM 559 027 0.69 110 836

The metrics include accuracy (correctly classified instances), Kappa statistic (agreement between predictions and actual outcomes), mean absolute error (average prediction error), root mean
squared error (average squared prediction error), and relative absolute error (comparison to a baseline model). Among the algorithms, Random Forest achieved highest accuracy.
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Ela e Variable escription

Dam-Related Factors Dam Breed Dairy breed, heat-tolerant, calm temperament (Awassi)
Local dual-purpose fat tailed, calm temperament (Morkaraman)
High temperament, resilient to cold (Tuj)
Prolific breed with early sexual maturity and high litter size (Pure and crossbreed Romanov)

Dam Age at birth Recorded in years (1-8)

Dam Weight at Birth Measured at the time of lambing using a calibrated livestock scale (kg)
Parturition duration The time from the onset of labor until complete expulsion of the last lamb (min)
Dam Litter Size Categorized as Single, Twin, or Triplet

Lambing Assistance No assistance

Minor assistance
Pulled manually

Lamb- Related Factors Lamb Breed Determined based on sire and dam.
Lamb Birth Weight Measured within the first 24 hours post-birth using a digital scale.
Birth Type Single, Twin, or Triplet
Sex Male or female
Environmental Factors Lambing season Spring, Summer, Autumn, Winter
Time of lambing Daytime (Diurnal period): 6:00 AM to 6:00 PM

Nighttime (Nocturnal period): 6:00 PM to 6:00 AM





